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ABSTRACT 
	
The research and development of more efficient gas turbines has been one of the central 
focuses in materials design and characterisation for the past 20 years. High-temperature 
materials capable of maintaining their properties at elevated temperatures and under load are 
required for a wide range of components such as aircraft gas turbine engines, steam turbines, 
and industrial gas turbines. The operating temperature for gas turbine blades used for 
aerospace, marine and power plant applications, has been continuously increased in order to 
improve fuel efficiency. Nickel-based superalloys with various types of high temperature 
coatings have been widely and successfully used for such applications.  
MCrAlY coatings (where M is typically Ni and/or Co) are widely used to provide oxidation 
and high temperature corrosion resistance for Ni based superalloy components. The 
protection is obtained through the formation of dense and adherent oxide scales, which are 
normally rich in aluminium oxides. 
Traditionally, single layer MCrAlY coatings have been directly used on superalloy substrates 
for corrosion and/or oxidation protection or increasingly, as a bond coat between thermal 
barrier coatings (TBCs) and substrates. It has recently been shown that compositionally 
graded and/or multi-layered coating systems have the potential to provide much improved 
oxidation and corrosion resistance compared to single layer coatings for superalloy 
components used in turbine engines operated under multiple corrosion regimes. Multi-layered 
coatings with carefully selected MCrAlY layers replacing the single layer of the MCrAlY, 
however, could utilise established production routines and are a natural extension of current 
coating systems. Little work has been reported to date on the topic of multi-layer MCrAlY 
type coatings, and therefore this research work has initially investigated the microstructural 
evolution of a multi-layered MCrAlY type coating using a combination of experimental and 
modelling techniques, based on which three new multi-layered coating systems have been 
subsequently designed and characterised. 
This research initially characterised an industrial existing dual-layered coating system 
NiCr(Co)AlY on CoNiCrAlY on a cast superalloy IN-738 substrate. Using a thermodynamic 
and kinetic modelling technique developed within the same research group in Loughborough 
University (LU Model), and advanced electron microscopy characterisation techniques, it 
was found that the results showed good agreement between the model prediction and 
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experimental observations of element diffusion profiles of Al, Co, and Cr. In addition, for the 
phase evolution analysis, most of the predicted phases by the model have been observed 
experimentally using a combination of energy-dispersive X-ray spectroscopy (EDS) in a 
scanning electron microscope (SEM), transmission electron microscopy (TEM) of site-
specific thin foil samples lifted out using focused ion beam (FIB). 
The validated thermodynamic and kinetic model, together with the knowledge obtained from 
the literature survey, was then used as a design tool for the novel multi-layered MCrAlY 
coating system development. 
After a carefully designed coating selection and simulation process, the selected multi-
layered coating systems were (1) NiCrAlY + CoNiCrAlY + IN738 substrate; (2) TBC + 
NiCrAlY + CoNiCrAlY + IN738 substrate; (3) TBC + keycoat (NiCrAlY) + NiCrAlY + 
CoNiCrAlY + IN738 substrate. 
For one of the designed coating systems, the effect of isothermal ageing temperature on the 
microstructural evolution of the TBC + NiCrAlY + CoNiCrAlY + IN738 substrate system 
was tested at 1000oC and 880oC. The testing temperature of 1000oC was chosen to simulate 
the service regime where high temperature oxidation is the dominating mechanism. 880oC 
was chosen to simulate the service condition where the corrosion mechanism is a 
combination of relatively high temperature and corrosive gases. The phase structure obtained 
from EDS overlaid maps of the coating system indicates that at a high temperature of 
1000oC, the designed coating shows reduced  depletion and thermally grown oxide (TGO) 
growth rate; and at 880oC, the designed coating also shows a stable phase structure with a 
notable amount of -Cr.  
The designed coatings were prepared both with and without a TBC top coat, which provided 
an opportunity for studying the influence of the TBC. The results showed that samples 
without a TBC coating exhibited a thinner oxide thickness at the high temperature of 1000oC 
and a similar oxidation thickness at the lower temperature of 880oC, compared with the TBC 
coated comparison group. In addition, chromia and alumina have both been observed in the 
non-TBC coated sample whereas only alumina exists under the TBC coated condition. 
Therefore by implementing a TBC layer, not only was the TGO growth rate changed, but also 
the nature of the oxide formed was altered. 
Finally, samples with an additional keycoat layer were examined. Severe internal oxidation 
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was observed in the APS keycoat region. Rapid  depletion has also been observed. After 
10,000 h, the TBC top coating was still attached, unlike the other tested coating systems 
where TBC spallation occurred under the same testing condition. Therefore, the utilisation of 
keycoat appears to help to retain TBC top coating under isothermal ageing conditions. 
However, the  depletion rate also increases. 
In summary, this research work has provided an improved understanding of multi-layered 
MCrAlY coating systems. Firstly, the validity of the thermodynamic and kinetic model in 
multi-layered MCrAlY coating prediction has been validated through the microstructural 
characterisation of an existing industrial dual-layered MCrAlY coated specimen, using a 
combination of modelling and advanced electron microscopy techniques. Secondly, a coating 
design protocol has been established to provide a first step in understanding of the multi-
layered MCrAlY coating design process. Thirdly, the effects of different isothermal ageing 
temperatures, the TBC layer, and keycoat layer on the designed and manufactured multi-
layered coating systems have been analysed in order to provide an understanding of the 
underlying mechanisms of phase transformations in multi-layered MCrAlY coating systems.  
Most importantly, this research work is in the hope of deploying a coating system designed 
using these methodologies in service, which can deliver impact for the power generation 
industry, to achieve greater efficiencies, enhanced fuel flexibility and associated economical 
and environmental benefits.  
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ABBREVIATIONS 
Chemical elements are abbreviated according to the periodic table (e.g. Fe for iron…) 
APS: Air Plasma Spray 
BC: Bond Coat 
EB-PVD: Electron Beam Physical Vapour Deposition 
EDS: Energy Dispersive Spectrometry 
FD: Finite Difference 
FIB: Focused Ion Beam 
HVOF: High Velocity Oxy-Fuel 
LPPS: Low Pressure Plasma Spray 
PHT: Pre-service Heat Treatment 
PVD: Physical Vapour Deposition 
SEM: Scanning Electron Microscope 
FEG: Field Emission Gun 
TBC: Thermal Barrier Coating 
TC: Top Coat 
TCP phases: Topologycally Closed Pack phases 
TEM: Transmission Electron Microscope 
TGO: Thermally Grown Oxide 
VPS: Vacuum Plasma Spray 
XRD: X-Ray Diffraction 
YSZ : Yttria Stabilized Zirconia 
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CHAPTER 1  
INTRODUCTION 
 
1.1 Project overview 
This research project was part of a UK Engineering and Physical Sciences Research Council 
(EPSRC) funded programme, “SUPERGEN: Lifetime Extension of Conventional Power 
Plant”. This programme involved four universities (Loughborough University, University of 
Bristol, Cranfield University and the University of Nottingham), and ten industrial partners 
(Alstom Power Ltd., E.ON Engineering Ltd., Doosan Babcock Energy Ltd., National 
Physical Laboratory, Praxair Surface Technologies, QinetiQ, Rolls-Royce plc, RWE npower, 
Siemens Industrial Turbomachinery Ltd. and Tata Steel Ltd.).  
The focus of the research presented here was to investigate the microstructural characteristics 
of dual-layered MCrAlY type coating systems and to design novel coatings with improved 
properties to extend the service life of conventional power plant.  
1.2 Background 
Over the past 20 years the operating temperature for gas turbine blades used for aerospace, 
marine and power plant applications, has been continuously increased in order to improve 
fuel efficiency [1], hence the reduction of CO2 emission [2]. For example, the gas 
temperature in the turbine section of the modern gas turbine engines could be in excess of 
1650oC [3]. 
Therefore materials capable of maintaining their properties at elevated temperatures and 
under load are required for such purposes. These ‘high-temperature materials’ are used for a 
wide range of components including aircraft gas turbine engines, steam turbines, and 
industrial gas turbines, etc. The performances of different types of materials for high-
temperature processes are given in Figure 1.1. 
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Figure 1-1 Temperature capabilities of classes of materials, reproduced from [4] 
Figure 1-1 shows the strength of commonly used high strength materials as a function of 
temperature [3]. Ni based superalloys are seen to exhibit superior strength at the temperature 
range between 500oC to 1100oC. Therefore, since the 1950s such material has been used for 
different types of turbine blades to improve the performance of modern industrial gas turbine 
engine and jet engines [5]. 
It is worth noting that other materials such as titanium alloys and steels have also been used 
for high temperature applications. Titanium alloys are limited to temperatures under 700oC 
due to their poor high temperature oxidation resistance [3]. High strength creep resistant 
ferritic steels are also used for some power plant applications to transport super-heated steam 
at temperatures reaching 565oC. However, the boiler tubes in the latest generation of ultra-
supercritical steam-generating power stations are required to last up to 200,000 h at 750oC 
and under a pressure of 100 MPa, which cannot be satisfied by ferritic steels [6]. Ceramics 
are very rarely used alone for these applications mainly due to their poor toughness and 
ductility, despite their excellent oxidation and creep resistance. Nevertheless, as a thermal 
barrier coating (TBC) material, Zr based ceramics are used for high temperature applications 
in association with the superalloys [6]. 
However, despite the fact that Ni based superalloys are successfully used in high temperature 
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applications, as the temperature in modern power plants keeps increasing, these superalloys 
suffer chemical and mechanical degradation. For example, the take-off value of the turbine 
entry temperature (TET) of the modern gas turbine can be as high as 1477oC, with the 
melting point of the superalloys being less than 1327oC [7]. Such extreme operating 
conditions require the utilisation of highly engineered coatings and thermal barriers which 
will be discussed later in this thesis in Section 2.4. 
The coatings on superalloy substrates are designed to reduce component damage resulting 
from different types of degradation during service, including oxidation and high temperature 
corrosion. Diffusion coatings, overlay coatings and thermal barrier coatings (TBCs) are the 
three main types of coatings widely used to provide protection for the superalloy substrates. 
Many different deposition processes have been used to deposit the coatings onto the 
substrates, amongst which the common methodologies are electron beam physical vapour 
deposition (EBPVD), plasma spraying, high-velocity oxy-fuel spraying (HVOF), and 
chemical vapour deposition (CVD), which will also be discussed later in Section 2.7. 
However, although the lifetime of the superalloys is prolonged by the protection provided by 
the coatings, a single coating composition is often insufficient to deal with the damaging 
environment during service as both oxidation and corrosion degradation regimes can be 
experienced simultaneously. In this case the multilayer coating concept has been considered 
[1, 8-12]. However, multilayer coatings are still under development in terms of the deposition 
process, optimum structure and composition. 
1.3 Organisation of the thesis 
In addition to the Literature Review (Chapter 2), and Experimental Methodologies (Chapter 
3), results of this work are separated into four main parts. 
Part 1: Development of Experiments (Chapter 4). This short chapter details the specific 
methodologies developed in this research. To obtain certain results, the performance of 
different methodologies were compared and stated.  
Part 2: Model benchmarking (Chapter 5). Results of the examination of an existing dual-
layered coating are presented. The purposes of this are twofold: firstly, a set of experimental 
protocols of microstructural characterisation techniques was investigated and established. 
These experimental procedures were utilised in the later work for the characterisation of 
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novel coatings. Secondly, the experimental results are compared with the model predictions 
to validate the model’s ability to predict the element distribution behaviours and phase 
evolution behaviours of the dual-layered MCrAlY type coating systems. The validated model 
was then used as a design tool for the novel coating system development. 
Part 3: Coating design (Chapter 6). In this chapter the design of a novel coating system 
through utilising the validated model in the previous chapter is detailed. Commercially 
available MCrAlY coating powders were first selected as candidate materials for the multi-
layered coating system. Simulations of their performance as part of a multi-layered coating 
were carried out in the high temperature oxidation regime (1000oC) and high temperature hot 
corrosion regime (880oC). The main selection criteria were prolonged stability of  phase, 
and -Cr phase, in comparison with the known coating systems. The best coating candidates 
were selected to form multi-layered coating systems. The systems were then compared and 
the coating system with the best predicted performance was then produced and applied onto 
an IN-738 substrate to make three groups of samples for subsequent ageing and 
characterisation. 
Part 4: Novel coating characterisation (Chapter 7-9). These chapters present results of an 
investigation into the isothermal ageing behaviour of the three groups of samples with 
different designed coating systems at two temperatures: 1000oC to simulate the high 
temperature oxidation regime and 880oC to simulate the hot corrosion temperature regime 
(but with no corrosive substance). In addition, the effect of an additional thermal barrier 
coating (TBC) and a ‘keycoat’ layer of MCrAlY bond coating were also investigated. 
Finally the overall conclusions obtained from the results are summarised. 
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CHAPTER 2  
LITERATURE REVIEW 
2.1 Introduction 
This chapter aims to provide a detailed summary of the essential information required to 
understand the subject of multi-layered MCrAlY bond coating systems, as well as a critical 
review of the latest development in this research area. 
The reviewed topics include: Ni-based superalloys which is normally the substrate of 
MCrAlY type coatings; component service condition requirements for the coatings to be 
effective; different types of high temperature coatings; coating design and manufacturing 
methodologies etc.  
2.2 Ni-based superalloys 
Superalloys normally refer to a class of complex alloys based on Fe, Ni and/or Co, which 
exhibit extraordinarily high strength across a wide range of elevated temperatures [7]. The 
remarkable high temperature properties of superalloys depend on their high melting point and 
crystal structures which are suitable to accommodate other alloying elements. The crystal 
structure of Ni is face-centred cubic (FCC) from ambient temperature to the melting point of 
1455oC [7].  
2.2.1  Microstructure of Ni-based superalloys 
Ni-based superalloys normally contain multiple phases, each of which influences the 
mechanical properties of the alloy. The main phases are gamma () and gamma prime (′). 
Such two phases are stabilised by different alloying elements according to their atomic radii 
[13]. Firstly, Co, Fe, Ru, Mo, Re and W stabilises the austenitic face centred cubic (FCC)  
Ni, because the atomic radii of these elements and Ni are similar. Secondly, elements 
including Al, Ti, Nb, and Ta, which have larger atomic radii, promote the formation of 
ordered phases such as the compound Ni3(Al, Ta, Ti), known as ′. Thirdly, B, C and Zr 
whose atomic sizes are very different from Ni, tend to segregate to the grain boundaries of the 
 phase and promote the formation of carbide and boride phases. The foundation and 
structure of the phases will be described in the following sections.  
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The gamma () phase 
The matrix of a Ni-based superalloy is normally the FCC  phase. Elements such as Co, Cr, 
W, Mo, Al and Ti are also contained within the matrix and act as solid solution strengthening 
elements. The strengthening behaviour is mainly attributed to their atomic size, which differs 
from that of the Ni atom by up to 13% [14]. The ability of Ni to tolerate other alloying 
elements makes Ni attractive as the base element [15].  
The gamma prime(′) phase 
The gamma prime phase (′), Ni3Al, contributes the most to the strength of the superalloys by 
hindering dislocation motion [7].  has the FCC crystal structure, as shown in Figure 2-1. 
The Al atoms are at the cube corners and Ni atoms are at the centres of the faces. Ni is 
substitutional with Co, Cr, and Mo whereas the Al may be substituted by Ti and Nb.  has 
coherent lattice structure with the matrix. The low energy of the coherent interfaces between  
and  hinder the coarsening of , which then helps the  phase to maintain its strengthening 
effect at elevated temperature for relatively long time.  
 
Figure 2-1 Arrangements of Ni and Al atoms in the ordered Ni3Al phase, reproduced from [3] 
For example, the strengthening effect of  precipitates can be illustrated using the work 
carried out in [16] (Figure 2-2). By investigating the distribution of spheroidal and cuboidal ' 
particles in the as-received (AR) and isothermally aged samples, R. Sharghi-Moshtaghin et 
al. reported [16] that yield stress decreases when the samples were aged at 850oC, which was 
correlated to the increase in size and spacing of secondary  precipitates, allowing greater 
dislocation motion [16].  
Al 
Ni 
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Figure 2-2 SEM images of the IN-738LC in: (a) as heat treated condition and samples aged 
at 850oC for (b) 500 h, (c) 1000 h and (d) 3000 h, reproduced from [16] 
It is worth noting that in Nb rich Ni-Fe superalloys, the primary strengthening precipitates is 
a body-centred tetragonal (BCT) ordered compound  whose composition can be 
represented approximately by Ni3Nb. The crystal structure of  is given in Figure 2-3. 
Figure 2-3 shows that the parameter of  is close to that of , but the c parameter is nearly 
doubled. The  phase appears a disc-like shape under an electron microscope, with a 
thickness of approximately 10 nm and the diameter of approximately 50 nm [3]. 
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Figure 2-3 The unit cell of the  precipitate which is found in Fe-Ni superalloys, reproduced 
from [3] 
Carbides 
Depending on the alloy compositions and the processing conditions, different carbides and 
borides can form in the superalloys, such as MC, M6C, M23C6, M7C3, and M3B2, where M 
stands for a metal atom which is normally Cr, Mo, Ti, Ta or Hf. These carbides can form 
either at the grain boundaries and/or within the grains in superalloys. The correlation between 
the carbides and the mechanical properties of the materials is still being evaluated [7]. The 
distribution of carbides along grain boundaries affects the high-temperature strength, ductility 
and creep properties [17]. Researchers noted that certain grain boundary carbide formations 
reduced ductility [7]. Therefore carbon was once reduced to low levels. However, the 
consequent results showed a sharp decrease in creep life and ductility [17]. The optimum 
distribution and quantity of the carbides therefore is crucial to the properties of the 
superalloy. Without the carbides along the grain boundaries, the coarsening of voids during 
high temperature deformation and excessive sliding of grain boundaries both become easier 
in the conventionally cast alloys [14]. However, if continuous carbides form they provide 
fracture paths which reduce impact strength. Consequently, discontinuous chains of carbides 
are desirable along grain boundaries as these will hinder grain boundary cracking without 
restricting the ductility to a large extent [14]. 
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The topologically closed packed (TCP) phases 
Cr, Mo, W and Re promote the precipitation of intermetallic phases which have a high 
density of uniformly packed atoms, a degree of directional non-metallic bonding and 
complex crystal structure. These topologically close-packed (TCP) phases are generally 
thought of as undesirable phases that evolve within the microstructure when the composition 
has not been adequately controlled. 
In service, after a long time at elevated temperatures, the main phases formed include sigma 
(σ), Laves P and μ, amongst which σ and μ are the two most commonly encountered phases 
[7], whereas the chemical composition of the orthorhombic phase P is very closely related to 
the tetragonal phase σ [7]. σ phase is an Fe-Cr based compound but is most often found as 
(Cr, Mo)x(Ni, Co)y, where x and y can vary from 1 to 7. σ phase can be very detrimental to 
the properties of the alloy due to its high hardness and plate/needle like morphology, which 
makes it an exceptional source for crack initiation and propagation. However, the worst effect 
is the fact that σ incorporates the refractory elements from the matrix required for solid 
solution strengthening (SSS) which in turn leads to an inferior rupture strength [17]. The μ 
phase has a structure similar to that of M6C with the general formula of the μ phase being 
(Co, Fe, Ni)7(Mo, W, Cr)6 [18].  phase can have a detrimental effect upon mechanical 
properties due to its tendency to form brittle intergranular precipitates [18]. 
2.3 Oxidation and corrosion during service 
Due to the elevated operating temperature and the contaminants present in the fuel and 
environmental gases of a gas turbine engine, it is unavoidable for the superalloy to experience 
high temperature oxidation and high temperature corrosion conditions [14]. Therefore it is 
important to have an understanding of the oxidation and corrosion mechanism. Above 950oC, 
the dominating degradation mechanism is high temperature oxidation [10]. Between 650oC to 
950oC, the hot temperature corrosion is generated mainly by sulphates. 
2.3.1 Oxidation 
In oxygen containing environments it is common for metals to form an oxide scale, 
particularly at high temperatures [19]. Some classes of metals are more resistant to oxidation 
than others and the rate and the mechanism of an oxidation reaction is influenced by many 
factors including, but not limited to, temperature, composition, pressure and surface 
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preparation [20]. An adherent oxide can be protective because it stops metal from further 
oxidation [3], however, the oxide must be chemically and mechanically stable if it is to 
provide any protection to the substrate. On the other hand, if the oxide continually spalls, 
fresh metal will then be exposed to the aggressive environment, hence be damaged [3]. In 
order to provide protection, this oxide layer must be able to restrict reactive gases diffusing 
through to the substrate material [19]. The protection provided by the coatings will be 
significantly reduced if this diffusion barrier is damaged. 
The oxidation of alloys is much more complex than that of pure metals because of the fact 
that the constituent elements will have different affinities for oxygen [20]. Alloys that are 
designed for heat and oxidation resistance, e.g., Ni based superalloys, generally rely upon the 
formation of a protective Al2O3 scale. However, the establishment of a sufficient thickness of 
Al2O3 must occur in a reasonable time, and such protective oxide layers have to be 
maintained in order to provide effective protection. In addition, it is possible that the Al2O3 
scales can be constantly removed during service by the airflow and corrosive environment, 
etc. [21]. The ability of an alloy to resist oxidation is largely related to the Al concentration at 
the surface [15, 22-27]. It is therefore necessary to maintain a sufficient level of Al to have an 
Al reservoir to enable a continuous protective Al2O3 oxide scale formation. In binary Ni-Al 
alloys a value of approximately 17 wt% Al is needed to form an Al2O3 protective scale [28]. 
However, extensively high levels of Al in the outer surface or coatings are detrimental to 
mechanical properties because extensively high Al level leads to a reduction in both the 
melting point of the alloy and its high temperature strength [28]. In order to form Al2O3 at 
low levels Al (~5 wt%), Cr (~10 wt%) is usually added Ni-based superalloys [20]. The role of 
Cr together with certain other alloying elements is reviewed later in this chapter, Section 
2.6.1. 
Failure of the protective scale can occur in a number of ways. The most common one is that 
the scale grows too quickly resulting in the depletion of Cr/Al reservoir at the alloy/scale 
interface. Therefore the continuous formation of protective oxide is interrupted. In this case 
when oxide is lost into the environment, there is not enough Cr/Al available to form new 
oxide [21]. In addition, the formation of other rapidly forming, non-protective oxides such as 
Cr2O3, NiO, NiCr2O4 and NiAl2O4 [29] can promote the spallation of the other protective 
parts [e.g. thermal barrier coating (TBC), which will be explained in the later sections] via 
induced stresses [6]. Another failure mechanism is that the oxide scale and the metal have 
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differing thermal expansion coefficients (CTE), causing heating and cooling stresses [30]. 
Stresses can also be generated by extensive scale growth, where compressive stress is stored 
in the oxide, causing scale deformation (rumpling effect) [31]. 
In cyclic service conditions, the oxide scales are also prone to spallation during the cooling 
part of a thermal cycle. However, researchers have noted that the addition of reactive 
elements (REs) such as yttrium (Y) can result in an improved adhesion of the scales [32, 33]. 
The underling mechanisms will be discussed in Section 2.6.2. 
2.3.2 High temperature corrosion 
Hot corrosion is another form of environmental degradation. The combination of gaseous 
species such as SOx and HCl, and deposits formed from the vapour phase such as alkalis and 
other trace metal species, forms an extremely corrosive environment for the gas turbine 
components [34]. For superalloys, the hot temperature corrosion is mostly sulphur (S) related. 
The sulphate-induced hot corrosion consists of two types. Type I (800–950oC), refers to the 
hot corrosion that happens close to or above melting point (884oC) of sodium sulphate 
(Na2SO4); and Type II (650-800oC), which takes place below the melting point of sodium 
sulphate but with small amounts of SO3.  
Figure 2-4 shows the temperature range of the two types hot corrosion (with S) superimposed 
on the traditional oxidation region (without S), against the corrosion rate which is measured 
as metal loss.  
When the corrosion happens, sulphur transports from the salt into the metal substrate forming 
low melting point deposits of Al or Cr sulphides which dissolve the protective oxides [35].  
Two stages are defined during the corrosion process, named initiation stage and propagation 
stage. Relatively slow breakdown of the surface oxide takes place during the initiation phase. 
However, the subsequent propagation stage consumes the alloy rapidly. The initiation stage 
can be delayed by protective coatings. Nevertheless, once the propagation stage occurs, the 
corrosion is accelerated, irreversible and catastrophic [3].  
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Figure 2-4 Schematic diagram of temperature effect on the rate of damage to superalloys due 
to Types I and II hot corrosion, superimposed on contribution due to oxidation, reproduced 
from [3] 
Several models have been produced and published to simulate the corrosion problems in 
order to predict the lifetime of gas turbine components [3]. The effect of the exposure time, 
the deposition fluxes, the deposit compositions, including Na, K, Pb, and Zn, and the partial 
pressures of gas contaminant such as SOx and HCl, have been investigated [34]. The results 
show that the deposition fluxes, the deposit compositions and the SOx partial pressures are 
much more important than the HCl partial pressures in terms of determining the corrosion 
behaviour of materials. The same research also shows that the corrosion rate which is a 
function of environmental variables can also be modelled using sigmoidal flux dependence 
[34]. 
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2.3.3 Need for coatings 
Due to the severe service environments mentioned above, the components used for gas 
turbines must encompass good oxidation and corrosion resistance at elevated temperatures in 
order to provide a satisfactory component life. Despite the sound high temperature strength of 
superalloys, it is hard to obtain a satisfactory level of oxidation and hot corrosion resistance 
simultaneously. Coatings, which are rich in oxide forming elements, were then introduced to 
increase the life of the components which need further protection. In modern situations for 
industrial gas turbines, Ni-based superalloys are coated with a bond coat and a thermal barrier 
coating to enhance both the oxidation and temperature resistance of the blades [35-37]. 
2.4 Coatings 
The coating systems for gas turbine engines have been developed for more than 100 years 
since the first public descriptions of pack cementation aluminising were published [38]. The 
coatings were designed to protect the components from extreme operating conditions.  
Aluminised diffusion coatings were firstly introduced onto Ni-based turbine blades using a 
hot dip process [39]. Such coatings were then modified with Cr [40], Si [41], and Pt [42] to 
improve protection and reduce degradation [43]. The effect of each element in the coating is 
summarised later in Section 2.6. 
In the late 1960s, overlay coatings which have compositions independent of the substrates 
were initiated [44]. FeCrAlY coatings containing 10-15 wt% Al with a thickness of 125 m 
were first introduced to Ni-based superalloys by electron beam physical vapour deposition 
(EBPVD) [45]. Next, CoCrAlY with a range of compositions was developed to provide hot 
corrosion and oxidation resistance [46]. However, such coatings were not very successful due 
to the lack of sufficient ductility [43]. NiCrAlY coatings were then introduced but the hot 
corrosion resistance was limited. One of the successful successors was NiCoCrAlY coatings, 
which provided exceptional ductility and adequate oxidation and hot corrosion properties 
[47]. Si and Hf were then added into the NiCoCrAlY compositions, before many more 
complex compositions containing single or combination additions of Ta, W, Nb, Ti, Re, Zr 
etc. were investigated.  
Thermal barrier coatings (TBCs), for example, Zr partially stabilised with 8 mol% Y were 
introduced in the 1970s to increase the thermal fatigue life of the coating system [44]. 
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MCrAlY were then used as bond coats to prevent the TBC from spallation [48]. The bond 
coatings can also be NiCoCrAlY types [48] or diffusion aluminide coatings [49], with either 
EBPVD or low-pressure plasma spray (LPPS) techniques. The utilisation of TBC and bond 
coating forms a ‘TBC-bond coat-substrate’ coating system. 
 
Figure 2-5 Schematic illustrations of the three common forms of protective coating used for 
turbine applications, and their relative coating lives and temperature enhancements, 
reproduced from [7] 
Figure 2-5 shows that on the one hand, amongst diffusion coatings, overlay coatings, and 
TBCs, the TBC plus bond coating systems provide the longest coating life even at the highest 
temperature. However, such systems also require sophisticated coating structure and coating 
deposition techniques. Diffusion coating on the other hand, shows a relatively small 
improvement in coating life and can be limited by the temperature range where such coatings 
are effective. However, such coatings are easy to be produced and deposited. Therefore, all of 
these coatings or coating systems are still being used at present. 
In addition to the three forms of coatings mentioned in Figure 2-5, in recent years, multi-
layered bond coating systems have become increasingly popular [50]. By putting two or more 
layers of bond coatings together, it has been claimed that coatings are capable of reacting 
Relative temperature 
enhancement/increment 
Diffusion coatings 
Aluminisation Pt-aluminisation  
+S +Hf, La 
Overlay coatings 
MCrAlY/APS MCrAlY/EBPVD 
M: Co/Ni +Si, Re 
Thermal barrier coatings 
MCrAlY/APS+YSZ/VPS Pt-Al+YSZ/EBPVD 
+CaO, MgO +Gd2O3 
Relative 
improvement in 
coating life 
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differently according to the changing environments and have resulted an extended service life 
[1, 21]. In addition, the interfaces between the coating layers behave as diffusion 
acceleration/de-acceleration zones for different elements [51]. The detailed mechanism is 
discussed later in Section 2.5.4. 
2.4.1 Diffusion coatings  
Diffusion coatings, as shown in Figure 2-5, are normally referred to as the process where 
chemical vapour deposition (CVD) is used to deposit Al onto the surface of the superalloys. 
Subsequent heat treatment is then carried out to promote adhesion and interdiffusion with the 
substrate. The layer formed on the surface of the component is typically rich in the -NiAl 
phase. The external, protective Al-rich layer has very good oxidation resistance due to the 
formation of a dense alumina layer. 
In some circumstances, Pt is also used prior to the aluminisation process to improve high-
temperature oxidation and hot corrosion resistance. This is referred to as platinum-aluminide 
coating. However, the mechanical, especially chemical properties of diffusion coatings are 
largely dependent on the substrate composition because of the interdiffusion nature of the 
formation of the coatings, and such coatings are often limited by the temperature range where 
they are effective (as shown in Figure 2-5). Therefore, for higher oxidation and corrosion 
resistance requirements, overlay coatings are used [3, 43]. 
2.4.2 Overlay coatings 
Overlay coatings have a typical composition of MCrAlX, where M is often Ni/Co, Fe on rare 
occasions, and X is often Zr/Hf/Si and/or Y which are all oxygen-reactive. Unlike diffusion 
coatings, overlay coatings have better flexibility of coating composition. In addition, the 
chemical and mechanical properties of the coatings are much more independent from the 
substrate. Therefore an overlay coating which is specially designed to match a particular 
service environment can be deposited to a wide range of substrates [52]. 
A broad variety of overlay coatings have been applied to the superalloy substrates. However, 
such coatings give different performance for corrosion and oxidation resistance. 
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Figure 2-6 Relative oxidation and corrosion resistance of high temperature coating systems, 
reproduced from [1] 
Figure 2-6 shows that in general overlay coatings outperform conventional aluminide 
coatings in both high temperature oxidation and corrosion environments. Typical overlay 
coatings with 18–22 wt% Cr and 8–12 wt% Al, give reasonable Type I corrosion resistance, 
but provide insufficient protection against the oxidation above 900oC and Type II corrosion 
[43]. Increasing Cr content can lead to an improved protection under Type II corrosion 
conditions, but the high temperature oxidation resistance of such coatings is significantly 
reduced as shown in Figure 2-6. In addition, certain reactive elements (REs) such as Y are 
added to the overlay coatings to improve the adherence of the protective oxide scales 
(covered later in Section 2.6.2). Therefore, modern overlay coatings are normally referred to 
as MCrAlY (M is Ni and/or Co) coatings. 
Since the first introduction of overlay coatings in the 1960s [44], MCrAlY coating 
composition has been modified continuously to provide a good balance between oxidation 
resistance, corrosion resistance, and mechanical properties (e.g. ductility).  
For example, one of the first successful composition was Co25Cr14Al0.5Y which was tensile 
and stress rupture tested at 1093oC [3]. Since then, different compositions have been applied 
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to marine service and turbine applications. For example, NiCrAlYs, CoNiCrAlYs and 
NiCoCrAlYs have been tried and various oxygen active elements have been added, including 
Hf, Zr, Si and Ta. Most of these compositions consist of 5–14 wt% Al and 18–30 wt% Cr in 
order to maintain a high temperature oxidation resistance [1]. 
For hot corrosion, high Cr contents (up to 40 wt%) have been considered to be beneficial [1]. 
In addition, it has been found that under 750oC, an alloy containing 33 wt% Cr and 33 wt% 
Al gives optimum corrosion resistance [1]. Furthermore, it is also shown that the optimum 
compositions at 650oC is observed to be over 40 wt% Cr, 5 to 10 wt% Al; At 700oC, the 
optimum composition is over 40 wt% Cr with 20-40 wt% Al. Alloys with 16–24 wt% Cr and 
13–18 wt% Al are the optimum composition at 950oC. However, excessive amount of Cr and 
Al reduces the mechanical properties of the overlay coating, causing insufficient melting 
temperature or unsatisfactory ductility [53, 54]. Experimentally, NiCoCrAlYHf overlay 
coatings with the chemical composition of Ni11.5-13.0Co16.5-18.0Cr12.0-13.5Al0.4-0.6Y0.5-0.7Hf (wt%) 
on Ni3Al-based alloy IC6A (code name given by Beijing International Aeronautical Materials 
Corp.) has been investigated [52]. The results showed that by forming a protective oxide 
scale on the surface of specimens, the high temperature corrosion and oxidation resistance of 
IC6A superalloy was improved notably. In addition, the mechanical compatibility between 
the NiCoCrAlYHf and the substrate was also addressed in the same research work by testing 
the room temperature tensile strength and high temperature stress rupture life of alloy IC6A 
substrate with and without coatings [52]. The results showed insignificant differences under 
these two conditions (with and without coatings), which indicated a relatively good 
mechanical compatibility between the coating and the substrate. A more detailed discussion 
on the effects of a wide range of elements in the overlay coatings are discussed later in 
Section 2.6. 
Depending on the chemical composition and temperature, MCrAlY coatings comprise mainly 
four phases which are β (NiAl), γ′ (Ni3Al), γ (Ni) and -Cr (Cr) [55]. However, after a long 
service time at elevated temperature, the protective effect of MCrAlY coatings is 
compromised by interdiffusion of elements between the coatings and the substrate [3]. 
The general sequence of phase evolution includes  depletion and -Cr depletion. The former 
is a multiple phase degradation process illustrated below. Al diffuses both outwards to form 
alumina and inwards into the substrate at elevated temperature [3].  
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(1) Al-rich  transfers to Ni-rich , 
(2) Ni-rich  transfers to + 
(3)  + ′ transfers to ′ +  
(4) ′ +  transfers to  
The amount of -Cr phase also reduces (to zero) with ageing time at high temperature subject 
to Cr concentration and activity gradients [56].  
Figure 2-7 shows a schematic diagram of an overlaid MCrAlY coating system on a 
superalloy substrate, an oxide scale forms on top of the MCrAlY overlay coatings with an 
accompanying depletion of Al from the coating. Meanwhile, an interdiffusion zone forms 
between the superalloy substrate and the MCrAlY coating. In this case, β phase gradually 
transforms to the γ′  phase containing less Al, and finally becomes γ  solid solution. The 
interdiffusion zone is affected by the transformation of phases such as σ , μ , and P  and 
different types of carbides such as MC and M23C6 precipitates [55]. 
 
Figure 2-7 Schematic diagram of a typical structure of a MCrAlY overlay coating on a 
superalloy substrate, courtesy of Mudith Karunaratne 
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The deposition of overlay coatings can be carried out by air or vacuum plasma spraying 
(A/VPS), high velocity oxygen fuel (HVOF) or electron beam physical vapour deposition 
(EB-PVD). The deposition techniques are explained later in Section 2.7. 
As well as being used alone as an overlaid protection layer for the substrate, MCrAlY type 
coatings are also often used as a bonding medium for the thermal barrier coatings (TBC) [25]. 
In this case, such MCrAlY coatings are normally referred to as ‘bond coat’. 
2.4.3 Thermal barrier coatings 
Thermal barrier coatings (TBCs) are a ceramic layer with low thermal conductivity to 
provide thermal insulation and to reduce the maximum temperature of the metallic substrate. 
It works because the substrate temperature is reduced by circulation of coating gases and the 
ceramic coating has a low thermal conductivity from the gas to the substrate. Y-stabilised Zr 
(YSZ) has been demonstrated to give a very good thermal cycle life [57]. However, YSZ 
based TBCs are unable to prevent oxygen ions from transporting though the coatings. 
Therefore oxidation is not avoided during operation. In addition, the thermal expansion 
coefficients (CTEs) of the superalloy substrate (~1.7×10-5/oC) and ceramic top coat 
(~1.2×10-5 /oC) are quite different, and consequently after a certain period of thermal 
cycling, thermal stress formation occurs, which leads to the eventual spallation of TBCs [57]. 
In order to avoid such problems, a ‘bond coat’ is applied to the superalloy substrate prior to 
the deposition of the ceramic top coat. Figure 2-8 shows temperature reduction achieved by 
using both TBC and a layer of bond coat, which can either be diffusion aluminide or overlay 
MCrAlY bond coating. Figure 2-8 shows that the temperature of the flowing hot gas is 
reduced significantly when passing through the TBC layer, due to the low thermal 
conductivity of the TBC compared to the bond coat and the substrate. The utilisation of bond 
coat improved the service life of TBC to a much more prolonged period of time [25, 37, 57]. 
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Figure 2-8 Schematic diagram of a TBC on an air-cooled gas turbine engine component. The 
thermal barrier acts as a heat flow resistor, reproduced from [58] 
2.5 Multi-layered overlay or bond coating systems 
Multiple layers of overlay or bond coatings are one of the latest developments in protective 
coatings. By putting two or more layers of overlay/bond coatings together, chemical and 
mechanical properties can be enhanced over single layered coating systems [1]. 
2.5.1 Chemical resistance enhancement 
One fundamental reason for utilising multi-layered coatings is to provide enhanced protection 
against chemical attack. For example, Al-gradient CoNiCrAlYSi Coatings have been 
designed mainly to achieve better performance against hot corrosion [59]. 
By putting an additional diffusion coating layer of Al on top of low vacuum plasma sprayed 
(LVPS) CoNiCrAlYSi coating, an increased amount of aluminum-rich  phase was obtained. 
The rapid formation of re-healing protective alumina oxide on the surface enables better hot 
corrosion properties [59]. 
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2.5.2 Mechanical properties improvements 
Another driving force for the development of the multi-layered coating systems is to improve 
the mechanical properties [50, 53, 60], as illustrated below. 
Figure 2-9 shows a coated turbine component consisting of a metallic substrate, two ceramic 
layers and two metallic layers. The adhesive layer is Ti and/or Cr or an alloy based on Ti or 
Cr. This coating is designed to enhance the bonding of the inner ceramic layer and to provide 
a barrier for diffusion. In addition, a ceramic layer consisting of a combination of B, C, N, O, 
metals from groups 4, 5, 6 of periodic table and/or Al, Si is applied as an outer layer. This 
layer has been modified to improve hardness and fracture toughness. Moreover, the metallic 
layer consisted of a NiTi alloy with Ni, Ti, Cr, Al, Pt, Hf, Zr, Co, Cu, and Y additions. 
Furthermore, at least one of the metallic layers was shape memory alloy. For this specific 
type of coating only, a closed field, Unbalanced Magnetron Sputter Ion Plating (CFUBMSIP) 
method was used.  
 
Figure 2-9 Schematic diagram of a four-layer multilayer coating system, reproduced [50] 
It was claimed that the shape memory alloy (SMA) provided super elastic properties under 
fatigue loading. In addition, the multi ceramic layers provided additional wear resistance 
[50]. 
2.5.3 Smart reactions to changing environments 
Another driving force to design multi-layered coatings is their ability to react accordingly to 
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the different service environments. A typical example is the ‘smart overlay coatings’ 
developed by Nicholls et al. [1]. 
Figure 2-10 shows the schematic structure of the ‘smart coat’ [1]. The coating consists of a 
MCrAlY base layer, a Cr middle layer and an Al outer layer.  
It should be noted that the layer thickness has not been clearly quantified in the original paper 
[1]. But the three layers can be estimated to be between 50 ~ 100 m each [1]. Detailed 
information on this particular coating can be found in [1]. 
The MCrAlY was firstly pre-treated with Cr to form an intermediate layer rich in Cr. Then ߚ-
NiAl was formed in an Al-rich outer surface as illustrated in Figure 2-10. 
 
Figure 2-10 Smart overlay coating concepts, reproduced from [1] 
Under Type I hot corrosion conditions at temperatures above 800oC, the outer layer of the 
coating formed an alumina layer which provided protection against oxidation conditions. 
Meanwhile, the loss of Al through diffusion processes into the MCrAlY coating and the 
movement of base metal elemental additions from the substrate to the ߚ-NiAl rich region 
were restricted by the Cr rich intermediate layer which behaved as a diffusion barrier [1]. 
In addition to the structure shown in Figure 2-10, it was also claimed in [61] that by 
depositing a thin layer (3.5 ± 0.5 m) of Al using a physical vapour deposition (PVD) 
process, the oxidation resistance of the original CoNiCrAlY coating was improved [61]. 
Under Type II corrosion (600-800oC), the Al outer layer was sacrificed to the outer 
environment, in which case the rate of Type II corrosion was limited by the formation of 
chromia formed on top of the intermediate Cr rich layer [1]. At 900oC, a Cr-rich interlayer 
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was also claimed to provide protection against alkali-sulphate induced hot corrosion 
environments [62].  
With a similar concept, it was claimed that by changing the deposition method to arc ion 
plating, coatings with high interfacial strength, low porosity and homogenous componential 
distribution were obtained [63]. 
It is worth noting that the smart coating system described in [1] is not capable of being used 
with thermal barrier coating (TBC). A chromia forming TBC system was therefore developed 
[11]. The concept of the structure is shown in Figure 2-11. 
 
Figure 2-11 Schematic diagram showing the overview of the chromia-forming TBC system, 
reproduced from [11] 
Figure 2-11 shows that by incorporating an inner MCrAlY bond coating and a Cr-rich coat 
layer, a chromium oxide forming structure was achieved. TBC can also be utilised with such 
coating structure [11]. In addition, it is also claimed that the formation of chromium oxide 
can provide oxidation and corrosion protection under different temperature regimes [11]. 
2.5.4 Element diffusion acceleration/de-acceleration 
Another approach to the concept of multilayer coatings is to add a diffusion barrier to limit 
the interdifussion of elements (mainly Al) from the MCrAlY overlay coating to the substrate.  
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Figure 2-12 Surface morphologies: (a) and cross-sectional image (b) of the 
NiCrAlY/CrN/DSM11 system, reproduced from [64] 
Figure 2-13 The single NiCrAlY coating sample exposed at 1100oC for 100 h (a), and 
NiCrAlY/CrN coating system exposed at 1100oC for 100 h (b), reproduced from [64] 
Such barriers can consist of AlN [65], CrN [64], ZrO2 [66] or multi-layered structures of 
AlN/CrN [9]. A detailed example of a NiCrAlY/CrN/DSM11 superalloy coating system is 
given in Figure 2-12, where CrN is included as the diffusion barrier in the system [64].  
Figure 2-12 (a) shows the surface morphologies and (b) shows the structures of such  
multi-layered coating system.  
It was claimed that the CrN diffusion barrier reduces the elemental inter-diffusion of elements 
between the NiCrAlY overlay coating and the substrate, which contributes to an improvement 
in the high temperature oxidation resistance. During the initial thermal exposure, the 
migration of Al and Cr from the coating to the substrate was reduced. After the formation of 
the oxide scale, the Al reservoir that formed in the overlay coating provided sufficient Al to 
a b
a b
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make up for the loss of oxide scale to the environment within a certain period of time. 
However, with the increase of thermal exposure time, the CrN barrier gradually transferred to 
a more stable TiN dispersed interlayer (Figure 2-13) through exchange of elements [64], 
which allowed the alloying elements to diffuse much more easily. In general, the oxidation-
resistance of the sample was improved to some degree. Eventually, due to the continuously 
increased scale spallation and Al depletion, the surface scales became discontinuous, which 
leads to the degradation of the coating system. 
The same concept of creating diffusion barriers was used and explained in the example 
shown in Figure 2-14 of an alternating layer structure of CrN and AlN [9]. The structure was 
characterised using a depth profiling method illustrated in the same figure. After an 
isothermal ageing process at 900oC for 2 h and 1100oC for 4 h, the diffusion of the substrate 
components (Mn, Ni) were enhanced. After being held in air for 20 h at 1100oC, the layered 
structure was erased and the full oxidation of the surface region and diffusion of the substrate 
components towards the surface occurred [9]. 
In this particular case, faster diffusion of elements occurred between the substrate and the 
multi-layered coating structure. In addition, at relatively high temperature (1100oC), the 
coating did not give a satisfactory oxidation resistance. 
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Figure 2-14 Cross-section of the sample and a schematic view of the depth profiling 
arrangement, reproduced from [9] 
2.6 Coating design: chemical composition modification 
In addition to the manipulation of coating structures, some other research focused on the 
optimisation of composition [8, 67, 68]. The effect of the major alloying elements in bond 
coatings is summarised below in Table 2.1.   
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2.6.1 Effect of major alloying elements in MCrAlY type coatings 
Table 2-1 Effect of major alloying elements in bond coatings 
Ni Ni is often used as a base element for overlay/bond coatings to provide strength 
and to maximise the mechanical compatibility with the superalloy substrate. 
However, Ni is prone to S attack [3], which promotes the addition of other 
elements in the overlay/bond coatings. 
Co Co and Ni have similar atomic radii. Therefore Co is also often used as the base 
element for coatings to provide microstructural stability and strength [3]. In 
addition, Co raises the chemical activity of Al [3]. It is claimed that the Co-rich 
CoCrAlYs and CoNiCrAlYs outperform the Ni-based systems such as 
NiCrAlYs and NiCoCrAlYs under a high temperature oxidising environment 
(1000°C) [49]. This is due to the fact that CoO has a faster growth rate than 
NiO .Therefore when Al2O3 is no longer thermodynamically favourable due to 
Al depletion, the faster growth of CoO may occur [3]. In addition, Co increases 
the stability of  and  but reduces the formation of ' and -Cr. At 1100oC and 
with a Co concentration higher than 20 wt%,  transforms directly into  
instead of  after only 10 h of thermal exposure [69]. 
Al Alumina scales derived from high purity Al or Pt modified Al offer high 
temperature oxidation protection up to 1200oC, which normally increases with 
the Al concentration [3, 70]. However, an extensive amount of Al can decrease 
the melting temperature of the bond coating to a point where it is not high 
enough for normal operating conditions [70]. 
Cr It is claimed that Cr is the most effective in providing corrosion resistance, 
especially Type II. Such protection is mainly due to the fact that the multi-
valence states Cr2O3 can react with the corrosive salt and dissolve to a 
saturation level to terminate further corrosion. 
Cr2O3 + 3SO3 (in Na2SO4) = Cr2(SO4)3, 
Cr2O3 + Na2O (in Na2SO4) = 2NaCrO2, 
2Cr2O3 +4Na2O (in Na2SO4) + 3O2 = 4Na2CrO4, 
2Cr2O3 + 2Na2O (in Na2SO4) + 3O2 = 2Na2Cr2O7 [3].  
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Si Si is potentially good for hot corrosion behaviour for the SiO2 scale-forming 
alloys or coatings, as its oxide has a low solubility in the corrosive salt. In 
addition, for the non SiO2 scale formers, Si helps to establish a faster initial 
oxidation rate because it promotes the formation of protective Al2O3 scale to 
grow in the early stages, prevents Ni oxidising and helps a protective scale to 
establish [3, 49]. However, Si has a negative influence on the mechanical 
properties of the coating, and even the superalloy matrix after extensive 
diffusion into the substrate; especially creep behaviour because Si tends to 
make the alloy brittle. Therefore an optimum value of Si has been claimed to be 
between 0.5 at% to 1 at% [3].  
B B in both coatings and substrates is reported to be extremely harmful to the 
oxidation resistance from experimental observations, as it promotes NiO scale 
formation instead of Al2O3 [3]. 
Pt In superalloys with a	γ/γᇱ structure, Pt promotes Al2O3 scale formation and also 
improves adhesion of the scale [52]. Pt goes into the Ni sites to form a strong 
Pt-Al bond [13]. These intermetallic phases such as PtAl2, Pt2Al3 or PtAl are 
found to be beneficial as they prevent Al diffusing into the substrate or Ni and 
other transition elements such as Mo, V and W diffusing into the coating. In 
addition, Pt in Al coatings can also eliminate Cr rich precipitates from the outer 
coating layers when such phase is not desirable [55].  
In MCrAlY type coatings, Pt forms the -(Ni,Pt)Al phase. Pt also promotes the 
phase transformation of metastable -Al2O3 to stable protective -Al2O3 scale 
[71]. Hence the continuous formation of fast growing metastable oxides can be 
prevented and the oxidation rate reduced [72].  
Ta Small concentrations of Ta improve long term oxidation resistance in general, 
by reducing the diffusivity of Al to the surface from the coating [3, 73]. 
However, the underlying mechanism still needs further investigation. 
Ta is beneficial against hot corrosion as it improves oxidation resistance in 
concentrations of <3 wt%, promotes early establishment of α-Al2O3 and 
reduces thermal expansion coefficient of the coating. However, with 10, 20 and 
30 wt% TaC in MCrAlY coatings, increasing TaC content causes enhanced 
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hardness but reduced oxidation resistance [12, 73]. 
In addition, Ta has also been used for bond coating development purposes. It 
has been shown that the cyclic oxidation resistance of Ir–Ta aluminides 
increased with decreasing Ta concentration. Moreover, together with Ir, specific 
concentrations of Ta were found to significantly retard the inter-diffusion of the 
alloying elements and limit the amount of precipitation of the γᇱ phase in the 
inter-diffusion zone. Furthermore, Ir–14.1(at%)Ta aluminide behaves both as an 
Al source and diffusion barrier material and offers a long-term stability for the 
β-phase [73]. 
Ti For MCrAlX type coatings, the addition of Ti is detrimental because as a strong 
alumina former, Ti increases the growth rate of Al2O3 extensively and reduces 
the scale adherence. Even when Ti was added to the substrate, Ti was found to 
be capable of diffusing through the MCrAlX coating layer from the substrate to 
the thermally grown alumina scale [74]. 
However, for Ni-Cr alloys, Ti promotes Cr2O3 formation [3] hence generally 
reduces the rate of hot corrosion.  
Mo It is showed that a high Mo content can lead to poor high temperature oxidation 
resistance and hot corrosion resistance at intermediate temperatures [38]. 
Re The addition of Re slightly increases the fraction of  phase in MCrAlY type 
coatings, but dramatically enhances the amounts of  and -Cr phases [75]. 
The CTE mismatch between the coating and substrate could be reduced due to 
the presence of -Cr which has more compatible CTE with the substrate [76]. 
Small α-Cr grains were able to strengthen  via the dispersion strengthening 
mechanism [77]. In addition, Re addition increases the transformation 
temperature at which  (low temperature stable phase) transforms to -Cr 
phase which is more stable as temperature rises; and reduces the transformation 
temperature of  to .  
2.6.2 Effect of reactive elements (RE) 
In superalloys and their coatings, the group 3 and 4 elements including Y, La, Zr, Hf etc. are 
called reactive elements (RE). They are found to be beneficial mainly due to three reasons: 
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firstly, they bind strongly with S which is detrimental by forming corrosive compounds such 
as SO2, a gathering effect [7]; secondly, they promote the formation of thin Al2O3 and Cr2O3 
scales [7]. Thirdly, the adherence of Al2O3 and Cr2O3 to the coating surface is also improved 
[7]. Among all the reactive elements, Hf and Y are the most popular reactive elements in 
overlay coatings [45]. Compared with Y, Hf is considered to be better at reducing the scale 
growth rate. Hf is also considered to have positive effects up to 0.9 at%. However, Hf 
becomes detrimental beyond 0.9 at% due to the formation of HfO2. In addition, Zr has also 
been proven to have a positive effect on the production of Al2O3 scales [46].  
The amount of the reactive element addition is critical in terms of optimising the adhesion of 
oxide scales. For overlay coatings, around 0.1 wt% of Y appears to be optimal for scale 
adhesion and low Al2O3 growth rates. Concentrations lower than that gives non-adherent 
slow growth, and levels greater than about 0.5 wt% give excessive growth rate [47]. 
However, the level of RE in the raw coating powder is different from that in the deposited 
coatings. It is reported that for air plasma spaying, about 1 wt% Y is considered to be the 
most effective because Y is oxidised by the plasma torch [3]. 
By co-doping with two or more REs, the total content of REs can be reduced. Recent research 
showed that co-doping with Y and Hf forms a very protective oxide [46]. Co-doping of Pt 
and Dy reduce the oxidation rate by promoting fast transformation of metastable Al2O3 to 
stable Al2O3 and the formation of a fine-grained oxide scales [78]. 
The individual effect of Y and Hf is summarised in Table 2-2. 
Table 2-2 Effect of reactive elements in bond coatings 
Hf Hf improves the adherence of Al2O3 and Cr2O3 scales, on superalloys with and 
without an MCrAlX coating layer [74]. 
Y Under isothermal oxidation conditions, Y additions increase the oxide scale 
adherence and reduce the scale growth rate of α-Cr2O3 and α-Al2O3 forming 
alloys [79]. However, such beneficial effect was claimed to only be effective 
for superalloys with MCrAlY type coatings but not with bulk single-crystal 
supperalloy itself [74]. 
The beneficial effects of the RE elements have been explained using several proposed 
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mechanisms given below [3]. 
 Mechanically keying effect. REs form oxide pegs to mechanically ‘lock’ the oxide 
scale to the substrate. 
 Interface segregation. The REs preferentially segregate at the interface. The 
dispersion of such fine precipitates increases the bond strength of the oxide scale to 
the substrate. 
 Sulphur gatherer. REs react with sulphur to form sulphides. Without REs, sulphur 
would segregate at the oxide-alloy interface and react and reduce the integrity of the 
protective scale.  
 Oxide formation mechanism alternation. Without REs, the growth mechanism of the 
protective Al2O3 or Cr2O3 is a combination of outward diffusion of Al or Cr and 
inward diffusion of O. With REs however, such mechanism changes to predominantly 
inward diffusion of O. Such change reduces the residual stress by limiting the oxide 
growth rate. 
2.7 Coating manufacturing methodologies 
The manufacturing process is beyond the scale of this research work, which is mainly 
concerning microstructure characteristics. However, the coating properties can be affected by 
deposition methodologies and the corresponding parameters [57, 80-82]. Therefore the major 
coating deposition methodologies and their application on high temperature coatings are 
reviewed in this section, but only to a level of fundamental understanding. 
2.7.1 Physical vapour deposition 
In the case of the bond coating deposition, physical vapour deposition (PVD) normally refers 
to electron beam physical vapour deposition (EBPVD). An electron beam is accelerated to a 
high kinetic energy and focused towards an ingot of the coating material under vacuum. The 
ingot melts and evaporates onto the substrate material. Further heat treatments are also 
followed to promote interdiffusion between the coating and substrate, through which 
enhanced adhesion is achieved [3]. 
2.7.2 Plasma spraying 
Plasma spraying involves the following process: (1) The coating powder is fed into the 
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plasma jet. (2) The coating powder is melted and injected into a high temperature plasma gas 
stream. (3) The melted coating material is propelled and accelerated towards the component’s 
surface. 
According to the operating conditions, plasma spraying is further characterised into: low 
pressure (LPPS), vacuum plasma (VPS), air plasma spraying (APS) and solution precursor 
plasma spray (SPPS). The coating's microstructure, adhesion and mechanical properties are 
correlated with the deposition parameters including stand-off distance, plasma power, 
preheating temperature and powder feeding rate [81]. 
2.7.3 Thermal spraying 
Unlike plasma spraying processes where the coating powder is fully melted, thermal spraying 
processes partly melt or soften the coating material. Coating powder or wire is fed through a 
spray pistol and heated to the pre-set temperature into a partially melted state. The coating 
material is then projected at a speed onto the substrate.  
 
Figure 2-15 Working principle of the Praxair TAFA JP5000 HVOF gun, reproduced from 
[83] 
High velocity oxy-fuel (HVOF) is the primary method used for superalloy coatings among all 
the thermal spraying methodologies. Figure 2-15 shows the working principle of the Praxair 
TAFA JP5000 HVOF gun [83]. The mixture of oxygen and fuel is injected into the 
combustion chamber and ignited. Meanwhile, the coating powder is injected into the 
combustion flame. The coating powder is surrounded by the ignited gas circular flame, and 
flows through the nozzle towards the targeted substrate. Parameters including the gas flow 
rate, the spray distance and powder feed rate [82] and coating powder size [57, 80] are related 
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to the coating characteristics. However, the detailed mechanism of each parameter is beyond 
the scale of this research work. It is worth noting that the substrate surface must be cleaned 
and roughened prior to spraying [3], mainly due to the mechanical bonding nature between 
the coating and the substrate. One way to achieve uniform thickness and roughness is through 
grit blasting [72]. 
For CoNiCrAlYSi coatings, comparison was made between plasma spraying technique low 
vacuum plasma spray (LVPS) and high velocity oxy-fuel (HVOF) [59, 84]. The hot corrosion 
behaviour was examined by exposing the sample to a molten film of Na2SO4 with 20 wt% 
NaVO3 at 880oC for up to 560 h. The weight change indicated better hot corrosion resistance 
for HVOF deposited CoNiCrAlYSi coatings. It was found that this was due to the formation 
of the hard -Al2O3 during the HVOF coating process [59, 84]. 
However, under thermal cycle conditions at 1200oC, with a TBC/NiCrAlY/substrate, oxide 
growth rate was slower in APS bond coated compared with the HVOF bond coated systems. 
Hence APS bond coat have a higher thermal cycle life time than the HVOF bond coating 
[85]. 
2.7.4 Modification of deposition methodologies 
Research has also been carried out on modification and improvements of conventional 
deposition methods. One example is that by using a 2-stage HVOF or warm spray (WS) 
process, the deposited CoNiCrAlY bond coating exhibited rougher and less oxidised 
structure, which leads to slower kinetics of beta-phase depletion during oxidation [86]. This 
finding indicated that the life time as a bond coating may be influenced by different spraying 
processes [3]. 
2.8 Summary for Chapter 2 
This section provides an overview of the high temperature coatings for industrial turbine 
blades. Ni-based superalloys are the most commonly used material for turbine blades’ 
substrates. Despite the good load baring ability provided by the unique microstructure 
features, Ni-based superalloy is vulnerable to the oxidising and corrosive service 
environment. Therefore high temperature coatings are required.  
The high temperature coatings normally consist of diffusion coatings, or overlay/bond 
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coatings, and an additional layer of thermal barrier coatings (TBC). The oxidation and 
corrosion resistance of the overlay/bond coating is provided by forming protective oxide 
through phase transformation. In addition, the effect of major and minor elements, including 
reactive elements, used in the overlay coating system was reviewed in great detail. 
The proceeding review of the available literature in the area of turbine blade protection 
highlights the trend of employing multi-layered bond coating system. However, a coherent 
understanding of the coating degradation mechanism is needed and the potential of utilising 
multi-layered MCrAlY type coating systems is yet to be established. 
This project hence is focused on multi-layered overlay coatings. By putting two or more 
layers of overlay coatings together, it has been reported that the chemical resistance, 
mechanical properties, environmental protection, and coating life can be enhanced to an 
extent. 
One main aim of this project is to design an improved multi-layered overlay coating system 
based on the commercial information in combination with the modification of modelling 
techniques available. Sequentially, by characterising the coating systems manufactured from 
the previous design process, the validity of the model is to be tested and an improved 
understanding of the degradation mechanism of the multi-layered MCrAlY coating systems is 
to be established. 
It is worth noting that this work is microstructural characterisation biased complemented by 
certain level of theoretical modelling. The somewhat less emphasised modelling techniques 
for coating life prediction are explained briefly in the next chapter-Experimental 
Methodologies. 
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3 CHAPTER 3  
EXPERIMENTAL METHODOLOGY 
 
3.1 Introduction 
In this project the evolution of Ni-based superalloy materials with a series of dual-layered 
coating systems was characterised and modelled. The modelling techniques include the use of 
MTDATA and the thermodynamic-kinetic model (LU model) [55]. The materials and heat 
treatments, together with the advanced characterisation techniques used to reveal the 
microstructure of the coating systems are detailed in this chapter.  
Two groups of multi-layered MCrAlY coated samples with applied heat treatments are 
described in Section 3.2. One group of samples was selected from industrially existing dual-
layered MCrAlY coating materials and the other group was designed multi-layered coating 
system from this research work. The samples were characterised to investigate their 
performance after isothermal exposure. The effect of isothermal ageing was also used to 
testify the validity of the thermodynamic-kinetic LU model in developing multi-layered 
coatings. The validated model was then used to predict the performance of a range of novel 
coating systems, the best of which was produced. The characterisation and subsequent 
comparison of the novel dual-layered coating system against industrially existing dual-
layered/single layer coating systems was used to benchmark the performance of the designed 
coating system. In addition, the effect of the addition of a thermal barrier coating (TBC) layer 
was also investigated. 
In this chapter the techniques used to prepare samples and characterise the samples are both 
detailed. The techniques developed for oxide thickness measurements and phase distribution 
quantification is described in Chapter 4: Development of Experimental Techniques. 
3.2 Materials 
In this research work all the coatings were attached to the same substrate of IN-738 with the 
composition of the substrate alloy is shown in Table 3-1, confirmed by EDS. The samples 
were provided by RWE npower, a UK-based electricity generator and supplier. 
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Table 3-1 Measured chemical composition of IN738, in wt% 
 
 
In addition, a standard 8 mol% Yttria Stabilised Zirconia (YSZ) TBC was also used. The 
TBC was applied by Air Plasma Spray (APS) method. 
A range of MCrAlY type coatings were investigated, from single layer to triple layers, using 
both model simulation and experimental characterisation. Detailed information of each 
coating system is provided according to different chapters.  
3.2.1 Industrially existing dual-layered coating system 
The coating system studied in Chapter 3 consists of two layers of MCrAlY type coatings. A 
dual-layered coated sample, already used in industry was supplied by RWE npower. The 
inner layer for this industrially existing coating system is ~ 50 µm of NiCoCrAlY coating, 
with an outer layer of ~ 125 µm of NiCr(Co)AlY, overlaid on a conventionally cast 
superalloy substrate (IN-738), with an additional protective layer of approximately 250 m of 
8 mol% YSZ TBC. A schematic diagram of the sample structure is given in Figure 3-1. 
 
Figure 3-1 Schematic diagram of the coating system consisting of two layers of MCrAlY type 
coating and a layer of TBC 
The composition, confirmed by EDS, of the two MCrAlY bond coatings is given in Table 
3-2. 
wt% Cr Co Mo W Ti Al Ta Nb Ni 
In738 16.0 8.3 1.8 2.7 3.4 3.4 1.7 0.8 Bal. 
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Table 3-2 Measured chemical composition of two layers of MCrAlY coatings used in the 
existing coating system, in wt% 
 
 
 
3.2.2 Compositions for coating design simulations 
In order to design and manufacture an improved novel coating system, the microstructural 
evolution of a range of dual-layered MCrAlY coating systems was simulated using the 
thermodynamic-kinetic model. The compositions of the coatings used in this modelling work 
are listed in Table 3-3. 
Table 3-3 Nominal chemical composition of MCrAlY coatings used in the model simulations, 
in wt% 
 
3.2.3 Characterisation of the novel designed coating systems 
The chosen dual-layered coating systems were 150 m of NiCrAlY on 150 m of 
NiCoCrAlY from Table 3-3. Three sets of samples were made by RWE nPower, which is one 
of the industrial partners of this project. The two layers of bond coatings shown in Figure 3-2 
(a) and (b) were applied by a standard high velocity oxygen fuel (HVOF) process used by 
RWE nPower. An additional layer of NiCrAlY was applied between the dual-layered coating 
and the TBC, by an Air Plasma Spray (APS) process, as seen in Figure 3-2 (c). This 
additional layer is called a ‘keycoat’, which is applied to provide better adhesion between the 
dual-layered coating and the TBC. The rationale for selection of these layers will be 
described in Chapter 6: Coating design.  
wt% Ni Co Cr Al Y 
NiCr(Co)AlY Bal. 10.0 22.0 10.0 1.0 
NiCoCrAlY Bal. 33.0 21.0 8.0 0.5 
wt% Ni Co Cr Al Ta Y 
NiCrAlY 57.4 0.0 31.0 11.0 0.0 0.6 
NiCr(Co)AlY 59.0 10.0 20.0 10.0 0.0 1.0 
NiCoCrAlY 43.9 23.0 20.0 8.5 4.0 0.6 
CoNiCrAlY 32.0 38.5 21.0 8.0 0.0 0.5 
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Figure 3-2 Schematic of the samples studied. (a) Dual-layered MCrAlY coated sample 
without a layer of TBC (b) Dual-layered coated sample with a layer of TBC (c) Dual-layered 
MCrAlY coated sample with a layer of keycoat and a layer of TBC 
a
b
c
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Each of the three samples shown in Figure 3-2 arrived in Loughborough University as 
rectangular blocks with the dimensions of 100 mm × 40 mm × 10 mm. Those “blocks” were 
then cut in to smaller pieces with the dimensions of 20 mm × 10 mm × 10 mm.  
3.3 Heat treatments 
All the as-received samples were pre-service heat treated (PHT) at 1120oC for 2 h in vacuum 
and then solution hardened at 845oC for 24 h. Such PHT were carried out before the samples 
arrived at the Loughborough University. The samples were then isothermally heat treated in 
air furnace for various lengths of times. After each heat treatment the corresponding samples 
were taken out of the furnace and air quenched to room temperature. A summary of the 
following heat treatment is given in Table 3-4.  
Table 3-4 Summary of the heat treatments after PHT of the experimental samples 
 
3.4 Sample preparation 
The sample preparation process is critical for revealing the microstructural features of the 
samples which were subsequently examined with optical microscopy, scanning electron 
microscopy (SEM) /focussed ion beam imaging (FIB), transmission electron microscopy 
(TEM) and electron backscatter diffraction (EBSD), etc. Multiple stages of grinding and 
polishing are required by all the techniques, especially EBSD, which requires a perfectly flat 
and strain free surface finish. 
All samples were cut from coated and unaged plates (approximately 100 mm × 100 mm) 
using a StruersTM Accutom-5 precision cut off machine for precise cutting, using a diamond 
blade. The cutting speed was set at the lowest available speed of 0.005 mm·s-1. When the 
diamond blade cut into the sample by at least 2 mm, the speed was gradually increased to 
0.015 mm·s-1, which was the maximum speed used. The samples were then hot mounted in 
conductive Bakelite, using an automatic mounting machine, Struers ProntoPress-10. 
Coating type 
Heat Treatments, after PHT 
Temp. (°C) Time (h) 
Existing samples 1000 Unaged (zero hours),100, 1000, 2000, 3000 
Novel samples 880, 1000 Unaged, 100, 500, 1000, 2000, 5000, 10000 
40 
A series of grinding and polishing stages were then carried out, using a Struers TegraPol-25 
automatic polisher and the TegraForce-5 multiple specimen holder. The grinding stage was 
water lubricated and 220, 600, 1200 grit papers were used. The samples were ground at each 
step for 3 minutes. Four separate polishing stages were then carried out on various silk, wool 
and synthetic based cloths using 9, 3 and 1 m diamond suspensions. A delicate mechanical 
and chemical combined polishing step was carried out using a Chem disc and a 0.02 µm 
Buehler Mastermet 2 colloidal silica polishing solution was used as the final step for EBSD 
and FIB analysis. Detailed information is illustrated in Figure 3-3. 
 
Figure 3-3 Schematic diagram showing the grinding and polishing process 
3.5 Characterisation techniques 
The microstructural evolution of the samples in this project was investigated using a range of 
electron microscopy techniques, including backscattered electron imaging, and Energy-
dispersive X-ray spectroscopy (EDS). A number of different signals are generated when an 
incident electron is directed towards a surface as illustrated in Figure 3-4. The interpretation 
of different signals is very important for the characterisation of the specimens’ 
microstructures. 
Grinding 
Polishing 
200 grit paper 
600 grit paper 
1200 grit paper 
Composite disc 
Satin woven acetate 
Synthetic nap 
Porous neoprene 
water 
3 min 
3 min 
3 min 
3 min 
8 min 
10 min 
up to 20 min 
water 
water 
9 µm diamond 
3 µm diamond 
1 µm diamond 
colloidal silica 
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Figure 3-4 A schematic diagram highlighting the different interactions of an incident 
scanning electron beam with a solid sample 
 
Figure 3-5 Schematic illustration of the interaction volume during electron irradiation 
The different modes of imaging are associated with the signal given by different forms of 
electrons and the interaction between the electron beam and the specimen microstructures, as 
shown in Figure 3-5. Secondary electrons are originated close to the surface because they 
have low energy. Backscattered electrons are scattered back from the nucleus of atoms hit by 
the irradiated electrons. The strength of the signal from the backscattered electrons is 
sensitive to element’s atomic number, meaning a high atomic number element results in a 
bright region appearing in the image. 
Incident electrons 
Auger Electrons 
X-ray 
Cathodoluminesence 
Secondary electrons 
Backscattered electrons 
Sample 
Transmitted electrons Absorbed electrons 
 
 
Electron beam 
Interaction volume of secondary electrons Sample 
Interaction volume of backscattered electrons 
Interaction volume of X-ray 
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3.5.1 Experimental setup for field emission gun scanning electron microscopy (FEGSEM) 
The scanning electron microscope (SEM) provides images of the sample surface by scanning 
it with a high-energy beam of electrons. A Carl Zeiss (Leo) 1530 VP Field Emission Gun 
Scanning Electron Microscope (FEGSEM), in conjunction with Oxford Instrument electron 
backscattered diffraction (EBSD) and energy dispersive X-ray spectroscopy (EDS) system 
was used for chemical imaging and mapping, operating at an accelerating voltage of up to 20 
kV. The system could be operated in four different modes: secondary electron (SE), In-lens, 
and back scattered electron (BSE). SE and BSD modes were used in this project. The former 
is used to obtain a better resolution and the latter is used to observe contrast of different 
features (phases) in the specimens, particularly in the bond coat. The microscope was 
operated at a voltage of 20kV, an aperture size of 60 µm and at high current, maximum 3 nA. 
3.5.2 Experimental setup for dual beam focussed ion beam/electron beam microscopy 
(FIB) 
The FEI Nova 600 Nanolab dual beam (focussed ion beam (FIB)/FEGSEM) is capable of a 
variety of functions including FEGSEM mode with EBSD functions, EDS elemental analysis, 
backscattered mode and ion beam imaging mode. These different modes worked in a 
complementary manner to one another as a tool for microstructural characterisation. Imaging 
mode was mainly used in this project. The FIB used a gallium ion source. The ion beam 
bombarded onto the sample surface causing electrons to be emitted which were then detected 
to produce images. The specimen stage has to be tilted to 52o, which is the perpendicular 
position towards the ion column, to perform ion beam imaging. 
3.5.3 Energy dispersive X-ray analysis (EDS) 
Energy dispersive X-ray spectroscopy (EDS) analysis was used to determine the chemical 
compositions of the phases, by identifying the energy difference of the X-rays generated from 
elements. In addition, the amount of each element can be quantified by this technique because 
the number of X-rays is proportional to the concentration of that element. 
In addition, certain limitations associated with EDS analysis were also taken into 
consideration when the technique was used in the project. Firstly, the minimum step size of 
EDS is approximately 1 μm, hence small precipitates which are less than 1 µm in size could 
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not be resolved. In addition, low atomic weight elements (e.g. C and O) cannot be accurately 
detected, because the low energy X-rays generated from the light elements are easy to be 
absorbed by different matters such as sub-surface from the sample or the window of the X-
ray detector. 
3.6 Model formulation 
In addition to the experimental methodologies explained in the previous sections in this 
chapter, a coupled thermodynamic/kinetic model developed at Loughborough University was 
also used extensively in this project. By utilising the model, a good understanding of the 
diffusion assisted degradation process of the MCrAlY bond coating was obtained. The model 
simulation results of the element concentration and phase evolution behaviours of the coating 
was used to predict coating life, based on which a new dual-layered coating system was 
developed.  
The computer model [55] is based on a 1-D multi-component finite-difference (F-D) 
diffusion calculation which also incorporates oxide scale formation and equilibrium 
thermodynamics, to predict multiple phases present at locations across the coating system and 
substrate as a function of temperature and time. A brief illustration of the model is given 
below. 
Figure 3-6 shows a schematic diagram of the input/output and main parts of the model. When 
the substrate compositions, coating thickness and thermal history are defined, the model is 
capable of predicting concentration profiles, scale thickness, phase profiles and metal loss, by 
cooperating oxidation, moving boundaries, diffusion calculations and thermodynamic 
calculations. 
The first part of this chapter presents the diffusion model. The oxidation model and 
thermodynamic model are then explained in detail. 
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Figure 3-6 Structure overview of the model package 
3.6.1 Diffusion model 
Based on the fact that the interfaces between layers and between the layers and the substrate 
are planar structures, the diffusion process occurring in a typical multi-layered coating system 
is interpreted by a one-dimensional multicomponent representation of the Fick-Onsager Law 
[87, 88] given by: 
 
     Equation 3-1 
where x and t are distance and time, respectively; i, j and k are chemical elements and the 
interdiffusion coefficient matrix ܦ෩௜௝௡  is expressed in relation to a solvent n, which for the 
present system is Ni, and ܥ௝ is the concentration of j. 
3.6.2 Diffusion coefficients 
Interdiffusion coefficients of elements in various phases are taken from published literature.  
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For Ni-fcc phase, concentration independent data are obtained for Al from [89] and Cr from 
[90]; whereas the temperature and concentration dependent data are incorporated for 
elements Co [90], Mo [91], Ti [92], Re, W and Ta [93], 
For the  phase, temperature dependent diffusion coefficients are used for Al [94], Ti [95] 
and Co and Cr [96]. 
For the β phase, concentration and temperature dependent diffusion coefficients of Al are 
provided in [97]. 
For TCP phases and the BCC Cr phase, diffusion data for elements are unavailable. 
However, it is known that diffusivity is expected to be slow in ordered TCP phases. Therefore 
the diffusion coefficient is assumed to be a fraction (5%) of that in the fcc-Ni phase [55]. 
Full details of the modelling process and fitted parameters are given in [55]. 
3.6.3 Oxidation model 
The oxidation model used in this project was proposed by Meier et al. for a NiCoCrAlY [48] 
based bond coat. The thickness of the oxide scale ߜ, in m, is given by 
 
     Equation 3-2 
 
Where Q is constant value 27777.4, T is the temperature in Kelvin, T0 is 2423.7 K, t is time 
and n is another constant value 0.332.  
The current model assumes that only Al is being oxidised to Al2O3 at the coating surface, and 
the diffusion of elements within the oxide is not modelled explicitly. 
3.6.4 Thermodynamic model 
The thermodynamic calculation is based on Application Programme Interface (API) [98] of 
ߜ ൌ ሾ݁ݔ݌ሾܳ ൬ 1
0ܶ
െ 1ܶ൰ሿ ݐሿ
݊  
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MTDATA [99] in conjunction with a thermodynamic database for Ni-based superalloys, Ni-
DATA which allows thermal equilibrium state to be calculated for multicomponent systems.  
Figure 3-7 shows an overview of the different software modules used for data retrieval, 
assessment and calculation in the MTDATA software package. These modules provide the 
thermodynamic data for the available phases of interest. The equilibrium volume fraction and 
the composition of different phases are calculated by way of a Gibbs free energy 
minimisation routine. 
The database of Ni-DATA incorporates Ni, Al, Co, Cr, Fe, Hf, Mo, Re, Ta, Ti, W, Zr, B, C 
and N. In addition, the main phases included in the database are the matrix phases ′ and , 
and TCP phases such as , P and R [55].  
It is worth noting that certain level of limitations is associated with this approach. Firstly, the 
Ni-DATA database was originally designed for superalloys containing high amount of Ni, and 
hence, certain level of miscalculation can be expected when Ni is not the dominating 
elements in some of the MCrAlY type coatings. In addition, yttrium, which is an important 
element in the MCrAlY type coatings, is also not included in the database. Therefore the 
amount of Y was taken out of the composition of the bond coating, and the remaining 
composition were normalised to exclude Y, as stated in [55]. 
47 
 
Figure 3-7 Structure overview of the MTDATA software package showing the different 
modules used for data retrieval, assessment and calculation, reproduced from [99] 
  
48 
3.6.5 Grid scheme 
The F-D grid scheme is used to replace the differential terms in Equation (1) in the model 
[55]. A number of F-D grid zones are located only in areas where concentration gradients are 
steepest initially to make calculations more efficient. The locations include (a) near the 
oxidation interface, (b) between coating layers and (c) near the coating-layer/substrate 
boundary. Regions in the middle of each coating layer are assumed to have zero 
concentration gradients. The oxidation interface was treated as a moving phase boundary, 
using a published scheme [98]. The boundary condition at the oxidation interface is given by 
the rate of Al consumption derived from Equation (2). As the concentration fields extend with 
time, the F-D grid zones are expanded dynamically [55]. The expansion of grid zones 
continues until the neighbouring zones overlap, at which point the zones are merged to form a 
single zone. 
In specific, at a given temperature, at each time step, the model calls the MTDATA to 
calculate the equilibrium phases and their composition at each node in the diffusion grid.  
The composition data are used by the diffusion code to calculate an effective diffusion 
coefficient for each element at each node in the diffusion grid.  
Therefore a new composition is established in the one dimension finite difference grid at this 
given time step, which is ready for the next step. 
3.7 Summary for Chapter 3 
This chapter summarised the materials used for this research work, together with the heat 
treatment. Materials include samples for experimental characterisation and simulation.  
In addition, sample preparation and advance characterisation techniques were illustrated. 
The final part of this chapter provides a brief understanding of the thermodynamic-kinetic 
modelling technique.  
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4. CHAPTER 4  
EXPERIMENTAL METHODOLOGY DEVELOPMENT 
 
4.1 Introduction 
The previous chapter, Chapter 3, Experimental methodology focused on the illustration of 
established methodologies used in this PhD project. In this Chapter, the methods developed 
specifically for this research are described and assessed in detail. 
4.2 TGO layer measurement 
Three common methods are used throughout the literature to measure thermally grown oxide 
(TGO) thicknesses: (1), vertical measurements (shown in Figure 4-1) [100]; (2), 
perpendicular measurements (normal to the oxide/metal interface) [101] and (3), equivalent 
thickness method [102]. It is also worth mentioning that in many cases the TGO 
measurement methods are not stated clearly in the literature. A schematic of the summary of 
the three methods is given below in Figure 4-1. 
 
 
Figure 4-1 Schematic diagram showing the three TGO thickness measuring methods. (1) 
TGO vertical measurements; (2) TGO perpendicular measurements and (3) equivalent 
thickness method 
MCrAlY coating 
Oxide 
(1) Vertical measurement 
(2) Perpendicular measurement 
 
(3) Equivalent thickness method 
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In Figure 4-1, the vertical measurement method and perpendicular measurement method are 
shown using the red and blue lines respectively. In each method, the oxide layer is normally 
divided into equally spaced intervals and subsequently measured. In the case of the equivalent 
thickness method, the average oxide layer thickness is calculated using Equation 4-1 below. 
 
         Equation 4-1 [102] 
where ߜ is the equivalent oxide thickness, A	 is the cross sectional TGO area and ݈	is the 
length of the TGO/coating interface.  
The three methods are compared below and a recommendation is given at the end of this 
section.  
Based on a chosen area as shown below in Figure 4-2 (a), the calculated results from the three 
methods are compared in Figure 4-2 (b).  
In order to make a direct comparison, the oxide was divided into 10 equal-length areas. In 
each area, the oxide was measured using the three different methods. Therefore 10 values 
were generated for each method based on Figure 4-2 (a). The average value and standard 
deviation were then calculated accordingly.  
  
ߜ ൌ ܣ݈  
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Figure 4-2 (a) Example TGO area and (b) the measurement comparison of the same area 
between three methods (note that 10 measurements were made for each method) 
Figure 4-2 shows that under a normal TGO measurement situation, the perpendicular 
measurement and the equivalent TGO thickness measurements gave similar average results, 
but the former yields larger variations (standard deviation). The TGO vertical measurement 
method produces both the highest value and largest standard deviation. 
This finding is based on the nature of these measurements. For the TGO vertical 
measurement method, the measured value changes with the curvature of the oxide as 
illustrated below in Figure 4-3. In Figure 4-3, the TGO thickness of (a) and (b) were set 
arbitrarily at the same value, which is 0.53 cm [i.e. the width of the rectangular in Figure 4-3 
1
2
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(a)]. However, by using Method 1: TGO vertical measurements, significant differences were 
measured in Figure 4-3 (b). Such differences should be seen as the limitation of the TGO 
vertical measurements. 
 
 
Figure 4-3 Schematic diagram showing the curvature effect of TGO thickness measurement 
using the TGO vertical measurement method 
For the other two measurements, the problem described in Figure 4-3 is avoided to an extent. 
However, with the TGO perpendicular measurement method, there are further drawbacks. 
Firstly, it is time consuming and area dependent, which means reduced efficiency and 
accuracy. But most importantly, in real practice, it is almost impossible to define a perfect 
oxide growth direction due to the complexity of the metal/TGO interface roughness, which 
can be seen in Figure 4-2 (a).  
In comparison, the equivalent thickness method analyses all the available TGO area within an 
image, which can be calculated using ImageJ. Therefore the only variable in Equation 4-1 is 
the boundary length. This parameter is discussed below.  
In Figure 4-4 (a), the length of the TGO/bond coating boundary was defined by rough 
estimation. A trend line was drawn along the boundary, irrespective of the fine boundary 
details. 
 
 
 P1=P2=P3=0.53 cm 
P1´=0.70 cm 
P2´=0.53 cm 
P1´ P2´ P3´ P1 P2 P3 
a b
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Figure 4-4 Rough estimation and accurate measurements of TGO/coating boundary length, 
showing the sensitivity of the technique  
On the other hand, in Figure 4-4 (b), the detailed boundary was defined using the “magic 
wand” function defined by commercial software Photoshop®. With this method, the details 
such as what was circled in red in Figure 4-4 (b) are able to be highlighted. 
Figure 4-4 shows that there is an approximately 6% difference between a rough estimation 
and a relatively accurate measurement of this method. It can be seen that this method is not 
very sensitive to how the boundary is defined. It is suggested that rough estimation method 
for defining the boundary is actually better. For example, the feature circled in red in Figure 
4-4 (b) increased the boundary length notably, causing a dramatic reduction of the calculated 
TGO thickness. However, such calculation does not agree with the realistic situation (where 
the oxide thickness is little affected by such features).  
Therefore, the TGO thickness is measured using the equivalent thickness method throughout 
this PhD work. For each measurement, 10 images were taken at appropriate magnifications, 
i.e. the TGO area occupies a proportion of area similar to Figure 4-4 (a).  
 
݈ ൌ 	47.03	ߤ݉ 
(a) Rough estimation 
ܣ ൌ 151.34 ߤ݉ଶ
݈ ൌ 51.67	ߤ݉ 
ߜ ൌ 3.0 ߤ݉ 
(b) Accurate measurement 
a b 
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4.3  phase measurement using BSE images and EBSD phase maps 
As an indication of the coating life,  phase [91] quantification forms an important part of 
this research work. It is essential to establish an effective method for quantitative  phase 
analysis. In the following section, a comparison is made between  investigation using BSE 
images and EBSD phase maps. 
 
Figure 4-5 EBSD phase map and BSE image showing  phase in the same area 
By a first estimation,  phase can be seen relatively clearly from both Figure 4-5 (a) and (b). 
There is a good agreement of representation of the same phase between the two techniques.  
After a thresholding process to isolate the  phase, the blue region in Figure 4-5 (a) and grey 
region in Figure 4-5 (b) can be quantitatively represented as shown below. 
  
EBSD phase map:  
Blue region =  phase 
Red region =  phase 
MCrAlY layer 
TB
C
 
10	m 
BSE images:  
Grey region=NiAl phase 
Black region=oxides 
Matrix =  pase 
10	m 
 phase  phase 
a b 
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Figure 4-6  phase distribution of (a) EBSD phase maps (b) BSE images 
Figure 4-6 shows that quantitatively, a reasonable match can also be found between the two 
techniques. 
Therefore,  phase can be quantitatively analysed using both EBSD phase maps and BSE 
images.  
Note that the marginal discrepancy between Figure 4-6 (a) and (b) comes from the sensitivity 
of the two techniques. EBSD is more sensitive in terms of phase contrast, but in order to 
achieve reasonable spacial resolution, a relatively small area has to be analysed each time. 
Therefore it is much more time consuming than the BSE method. 
Therefore, based on the efficiency of these two techniques, the BSE method was chosen to be 
the method used for  phase analysis. Detailed results are shown later in Chapter 5. 
4.4 Phase reconstruction using EDS combined maps 
Using EBSD/BSE to quantitatively analyse  phase is relatively accurate providing -Cr 
phase is not abundant. It is impossible to distinguish  from -Cr using EBSD because both 
phases exhibit a body centred cubic (BCC) crystal structure [91]. It is also difficult with BSE 
image analysis because the colour resolution of the image analysis software including 
Photoshop, ImageJ and Image Tool is not sensitive enough to differentiate the two phases 
clearly, since both phases appear dark in the BSE images.  
For results presented in Chapter 5, it is not a major problem because as later explained, -Cr 
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phase is not stable at high temperatures above 1000oC, which is the isothermal ageing 
temperature used in Chapter 5.  
However, in the later chapters comprising Chapter 7, 8, and 9, the lower temperature of 
880C is discussed. Therefore a new technique is needed, which is the EDS combined map 
analysis. 
   Ni   Cr   Al 
Figure 4-7 EDS overlaid map showing different phases in the two coating layers in the as-
received TBC coated sample 
Typical phases in a MCrAlY coating include , ',  and -Cr. These phases all have a unique 
element ratio. Therefore by combining different EDS element maps, phases can be 
highlighted and quantitatively analysed. In the following example, by combining Ni [EDS 
map colour: red RGB value (240, 0, 0)], Al [EDS map colour: blue RGB value (0, 0, 240)] 
and Cr [EDS map colour: green RGB value (0, 240, 0)], /' is highlighted in red;  matrix is 
seen in yellow and -Cr phase is seen in green. In addition, voids are seen as black and 
aluminium oxide is blue. All the phases were confirmed by EDS point analysis. 
 50 m 
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Each colour represented phase in Figure 4-7 was selected using the “ink tool” in commercial 
software Photoshop®. The colour coded phases in Figure 4-7 were then thresholded and 
listed in Figure 4-8 (left hand side). 
Next, using the “plot” function in commercial software ImageJ, the relative amount of the 
each phase (represented by pixel intensity) can then be plotted against the depth of the 
coating into the substrate, as shown in Figure 4-8 right hand side. 
Note that the “plot” function is a way to display a two-dimensional graph of the intensities of 
pixels along a line or rectangular selection. The X-axis represents distance along the 
horizontal distance through the selection and the Y-axis is the vertically averaged pixel 
intensity. 
Based on the reconstruction process mentioned in the previous paragraph, Figure 4-7 can be 
reprocessed into quantitative data shown below in Figure 4.9.  
Note that from Figure 4-7 to Figure 4-9,  phase is not distinguishable from ´. This is seen 
as acceptable because Section 2.4.2, it has already been established that ´ is also an Al rich 
phase, the outer diffusion of Al will not be completely stopped until ´ depletes into . 
Therefore, it is potentially better to use /´ as an indication of coating life, especially when 
 phase quantification is more difficult than /´ quantification. 
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Figure 4-8 Representation of different phases subtracted from Figure 4-7, including ', , -
Cr and oxide  
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Figure 4-9 Phase reconstruction of the AR TBC coated sample 
4.5 Summary for Chapter 4 
In this research work, TGO thickness measurement methods were compared and the 
equivalent thickness method was determined to be the most accurate and efficient and so is 
used throughout. 
In addition,  phase distribution was analysed and compared using both EBSD phase maps 
and BSE images. The results indicate a reasonable match between the two techniques. Based 
on the efficiency of each technique, BSE images were used for  distribution analysis. 
Finally, a method of phase reconstruction was demonstrated based on EDS combined maps. 
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5 CHAPTER 5  
CHARACTERISATION AND MODELLING OF AN EXISTING 
DUAL-LAYERED COATING SYSTEM: AMDRY 962 ON AMDRY 
995 ON IN 738 
5.1 Introduction 
The LU model was exploited in the Chapter 3 to explore the possibility of using dual 
MCrAlY layered coatings instead of traditional single layer coatings. In this chapter, a series 
of samples that contained two layers of coating, NiCr(Co)AlY and NiCoCrAlY have been 
carefully examined. The microstructural changes of the samples were simulated and then 
observed from as-received (AR) samples, through to short term (100 h), medium term (1000 
h) and long term ageing (3000 h) at 1000oC. The modelling results and experimental results 
were then compared in order to assist in model validation such that the model can be further 
utilised to design novel dual-layered coating system. A schematic diagram of the sample 
structure is given below. 
Figure 5-1 shows that a layer of NiCr(Co)AlY (nominal thickness 50 µm, outer layer) was 
overlaid on another layer of NiCoCrAlY (nominal thickness 125 µm, inner layer), which was 
in turn on top of the conventionally cast superalloy substrate (IN-738). The whole system was 
then protected by an 8 mol% yttria stabilised zirconia (YSZ) thermal barrier coating (TBC). 
 
Figure 5-1 Schematic diagram of the dual-layered MCrAlY coated sample 
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The chemical compositions of the inner and outer coating layers measured at their respective 
centres away from any effects of interdiffusion, and the nominal composition of the IN-738 
substrate are given in Table 5-1.  
In the as-received (AR) state, the samples had received a standard pre-service, post-coating 
heat treatment (PHT) at 1120oC for 2 h, followed by ageing at 845oC for 24 h in vacuum. 
These samples were then isothermally aged at 1000oC for a range of times up to 3000 h in 
ambient air. 
Table 5-1 Nominal compositions of the coating layers in wt% (Balance Ni). 
 Co Cr Al Y Mo Nb Ta Ti W 
NiCr(Co)AlY 10.0 22.0 10.0 1.0 0.0 0.0 0.0 0.0 0.0 
NiCoCrAlY 33.0 21.0 8.0 0.5 0.0 0.0 0.0 0.0 0.0 
IN-738 8.3 16.0 3.4 0.0 1.8 0.8 1.7 3.4 2.7 
5.2 Microstructural modelling 
Thermodynamic modelling was carried out using the LU model described in the previous 
chapter. Element profiles, phase profiles and chemical compositions of the different phases at 
the temperatures of interest were predicted.  
5.2.1 Element profiles 
Figure 5-1 shows the predicted element profiles in the 1000oC of AR condition and thermal 
ageing conditions at 100 h, 1000 h, 3000 h. The element profiles show that in the AR and 
short term ageing conditions, the concentrations of Al and Cr are similar between the two 
coating layers. The concentration of Co is significantly higher in the middle layer. After long 
term ageing, the Co concentration drops notably in the middle layer. The Al and Cr 
concentrations also drop respectively, but by a relatively small amount. In addition, the Ti 
concentration in the coating layer is predicted to increase slightly after long term ageing. 
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Figure 5-2 LU model predicted element profiles of the (a) as received (AR) dual-layered coating, (b) after ageing at 1000°C for 100 h, (c) after 
ageing at 1000°C for 1000 h and (d) after ageing at 1000°C for 3000 h 
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5.2.2 Phase profiles 
Figure 5-3 presents the predictions of phase stability at the chosen temperature of 1000oC 
over a period of ageing time up to 3000 h. 
The phase profiles show that in the AR condition there is a mixture of gamma prime 
(dominating), beta, sigma and alpha chromium in the outer layer, and approximately 60 wt% 
gamma and 40 wt% betta in the middle layer. In the substrate, it is mainly the gamma and 
gamma prime phases. It was observed that at both the coating/coating interface and 
coating/substrate interface, sigma peaks are predicted. In addition, gamma prime 
concentration changed significantly at the two interfaces. 
As the ageing time increases to 100 h the gamma prime and the sigma and the alpha 
chromium amounts reduce whilst the gamma increases and the beta becomes homogenised 
between the two coating layers. After medium and long term ageing, the beta amount 
decreases (1000 h) till disappearance (3000 h), leaving mainly the gamma and the gamma 
prime. The phase compositions are detailed in Table 5-2. The composition of each phase is 
taken from the prediction of the model at the middle of each layer from the AR sample. 
Table 5-2 Predicted phase compositions at 1000oC, causing the LU model for the coating 
system, values in wt% 
Phase  ′   -Cr 
Co 37.6 8.8 10.0 23.4 7.8 
Ni 31.2 70.8 65.6 11.5 1.6 
Cr 28.1 9.5 5.1 65.1 90.5 
Al 3.1 10.9 19.3 - 0.1 
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Figure 5-3 LU model predicted phase profiles of the (a) as received (AR) dual-layered coating, (b) after ageing at 1000°C for 100 h, (c) after 
ageing at 1000°C for 1000 h and (d) after ageing at 1000°C for 3000 h 
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5.3 Microstructural characterisation 
This section is focused on the characterisation the coating system, including the use of 
FEG-SEM backscattered electron imaging to get an overview, EDS analysis for element 
distribution profiles, FEG-SEM and TEM to identify different phases and imaging analysis 
techniques to quantify  phase based on backscattered images of etched samples. 
5.3.1 Overview of as-received and aged samples 
An overview of the as-received and isothermally aged samples is given in Figure 5-4. The 
two distinct inner and outer coating layers are easily distinguishable and regions with 
different contrasts within each layer can be seen in Figure 5-4 (a) – (d). According to the 
different phase contrast observed in the as-received and 100 h aged samples, there are three 
different particle types indicated in Figure 5-4 (e): bright regions (B), grey regions (G) and 
dark regions (D). The three regions are observed in the NiCr(Co)AlY (outer layer) in the AR 
sample and 100 h aged sample. In the 1000 h aged sample, the dark region disappears in the 
outer layer. Figure 5-4 (c) and (d) show that after 1000 h of isothermal ageing, the grey 
region in the NiCoCrAlY layer (inner layer) had almost disappeared. However, the grey 
region in the outer layer still remained. The black region labelled in Figure 5-4 (a) is voids or 
oxides, confirmed by EDS. 
It is also observed that the grey regions which appear to be individual phase ‘particles’ 
coarsen significantly with increased ageing. In addition, the thermally grown oxide (TGO) 
thickens with increasing ageing time. The oxide has been identified using EDS as primarily 
alumina, with some chromia also present, particularly in the early stages of ageing.
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Figure 5-4 Backscattered electron images of the (a) as received (AR) dual-layered coating, (b) 
after ageing at 1000°C for 100 h, (c) after ageing at 1000°C for 1000 h and (d) after ageing 
at 1000°C for 3000 h, (e) NiCr(Co)AlY layer from 100 h aged sample showing regions with 
different imaging contrasts 
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5.3.2 Element profiles 
Element profiles were constructed using the ‘Matrix Scanning’ technique, where EDS results 
were collected and averaged column by column across the horizontal direction of a defined 
area, for increasing exposure time at the isothermal ageing temperature of 1000oC. 
Figure 5-5 (a) illustrates the elemental profile of the AR sample. Within the NiCr(Co)AlY 
(outer) coating section, which is labelled in the Figure and also known as ‘outer layer’, the Al, 
Co and Cr concentration levels fluctuate between values of 7 – 10, 7 – 17, and 20 – 25 wt% 
respectively. In the NiCoCrAlY (inner) layer the Al and Cr concentrations remain similar to 
the concentration in the outer layer but the Co level increases dramatically. This is mainly due 
to the initial composition difference of these elements in the two coating layers. 
For the samples aged at 1000oC for 100 h [Figure 5-5 (b)] the major trend lines of the element 
profiles are similar to the initial state in Figure 5-5 (a) due to the relatively short ageing time. 
However, it was noticed that the concentration of Al starts to differ between the outer layer 
and the inner layer. The Al and Co concentrations in the outer layer are much higher than that 
in the inner layer.  
Figure 5-5 (c) and (d) illustrate similar characteristics. After medium to long term ageing, the 
Al concentration remains high in the outer layer and relatively low in the inner layer. The 
concentration of Al drops from ~ 10 wt% in the AR sample [Figure 5-5 (a)] to below 5 wt% 
in the samples aged at 1000oC for 3000 h [Figure 5.5 (d)]. However, it was also noticed that 
the thickness/depth of the region which has higher Al concentration reduced from ~ 50 m 
[Figure 5-5 (a)] to ~ 30 m [Figure 5-5 (d)]. The concentration difference of Cr and Co 
between the outer layer and inner layer becomes smaller with increasing ageing time. The Co 
and Cr concentrations are stable in the middle layer, indicating the possible presence of single 
phase. In the outer layer, the Co concentration increases from ~ 10 wt% in the AR sample 
[Figure 5-5 (a)] to ~ 18 wt% in the 3000 h aged sample [Figure 5-5 (d)]; whereas the Cr level 
decreases from ~ 22 wt% in the AR sample [Figure 5-5 (a)] to ~ 15 wt% in the 3000 h aged 
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sample [Figure 5-5 (d)] 
It was also noticed that the Al concentration forms a peak at the interface between the inner 
coating and the substrate. This corresponds to the black regions (oxides) observed at the same 
area, as labelled in Figure 5-4 (a).  
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Figure 5-5 Experimentally measured element profiles of the (a) as received (AR) dual-layered coating, (b) after ageing at 1000°C for 100 h, (c) 
after ageing at 1000°C for 1000 h and (d) after ageing at 1000°C for 3000 h. Trend lines were generated by connecting the two adjacent points 
using liner relations 
 70 
5.3.3 Identification of predicted phases using TEM/SEM/modelling comparison 
To identify the regions with different contrasts present within the dual-layered coating 
systems, EDS analyses of SEM and TEM samples were compared with the theoretical 
chemical compositions of a number of phases predicted by the model. 
Figure 5-6 Bright field TEM images of the (a) outer layer of the AR sample and (b) inner 
layer of the 100 h aged sample, at 1000oC 
Figure 5-6 shows that grains with different contrast were observed within each TEM sample. 
In order to identify the phases present, the grains were analysed in the TEM using EDS, and 
the results compared with the EDS measurements from the FEGSEM together with the 
calculated phase compositions provided by the simulation model. The comparison is 
summarised in Table 5-3.  
Table 5-3 shows that good agreement for the phase chemical compositions was observed 
between the model prediction and experimental results from both TEM and SEM 
measurements. All of the different regions appearing in each sample were analysed using the 
same method. A summary of the phases identified in each sample is given in Table 5-4. 
Table 5-4 shows that initially, the as-received sample consists of  (bright region),(grey 
region),andCr (dark region) in the outer layer, and bright region) and grey region) in 
500 m a b500 m 
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the inner layer. After 100 h of ageing,  in the outer layer changed into  and the rest of the 
phases remained the same. After 1000 h, Cr phase disappeared in the outer layer and only 
a small amount of  phase remained in the inner layer. After 3000 h, the  phase was not 
observed in the inner layer. 
Table 5-3 Comparison of elemental concentration of regions in (a) AR sample outer layer and 
(b) 100 h aged sample inner layer, note that Cr was only seen in the outer layer 
(a) at.%  Model TEM SEM 
' 
(bright 
region) 
Ni 62.5 63±0.3 64±0.8 
Co 7.5 7±0.4 6±0.3 
Cr 9 9±0.2 10±0.2 
Al 21 21±0.5 20±0.5 
Cr 
(dark 
region) 
Ni 1 2±0.3 4±1.3 
Co 7 2±0.3 2±0.7 
Cr 91 95±2 92±2.9 
Al 1 1±0.5 1±1 
(grey 
region) 
Ni 54 53.5±0.8 55±1.4 
Co 8 8±0.3 5±0.9 
Cr 4 5±0.2 7±0.8 
Al 34 33.5±0.7 32±0.3 
 
(b) at.%  Model TEM SEM 
bright 
region) 
Ni 34 35±0.3 41±0.2 
Co 32 31±0.2 27±0.3 
Cr 25 25±0.4 23±0.4 
Al 9 9±0.2 9±0.4 
(grey 
region) 
Ni 43 47±0.9 50.5±0.7
Co 20 14±0.7 13±0.5 
Cr 6 4.5±0.4 6.5±0.3 
Al 31 34.5±0.2 30±0.7 
 
Table 5-4 Summary of phases confirmed by experiments 
 
 AR 100 h 1000 h 3000 h 
 Outer layer Inner layer Outer layer Inner layer Outer layer Inner layer Outer layer Inner layer
 -        
  - - - - - - - 
         
Cr  -  - - - - - 
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5.3.4 Grain structure analysis 
The grain structure across the coating system was revealed using EBSD. Figure 5-7shows 
that with both the AR sample and the 1000 h aged sample, the grain size in both coating 
layers coarsens with ageing, especially within the inner NiCoCrAlY layer. Significant grain 
nucleation is also observed in the substrate at the interface between the substrate and the 
inner coating layer. 
 
Figure 5-7 EBSD maps of the (a) AR sample; (b) 1000 h aged sample at 1000oC 
It was observed that in the interdiffusion zone (IDZ) between the two coating layers, two 
bands of elongated grains formed after 1000 h. The first band, which was close to the 
NiCoCrAlY layer, consisted of larger grains. Between the inner layer and this band, was a 
second band of more elongated grains. The direction of elongation was approximately 
perpendicular to the coating interface. 
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5.3.5 Phase quantification 
In order to quantify the amount of the different phases within each layer, backscattered electron 
images were taken from all of the samples. 5 images were taken on each sample and linked together 
to form an analytical area of 23,000 m2 (For each image, the analytical area is 73.1 m × 63.1 m). 
Figure 5-8 (a) shows that the phase is easily distinguishable within both layers of the coating from 
the backscattered electron images, due to its unique grey contrast, as illustrated in Figure 5-4 (e). 
Therefore, the  phase can be revealed using image analysis software (ImageJ), as shown in   
Figure 5-8 (a′). The beta distribution profile can then be determined using ImageJ. The function is 
called “Plot profile”. For example, in Figure 5-8 (a′), when the whole image (in black and white) was 
selected, by choosing the “Plot profile” function, for each pixel column, the percentage of black dots 
(in this case, beta phase) has been calculated. The result forms a point on Figure 5-9 (a). The 
percentage of beta phase is calculated using the same method across the sample cross section. A 
more detailed description has been given in Chapter 4. 
Figure 5-8 (a) to (d) show that the amount of  in the inner layer reduces notably with ageing, such 
that after 1000 h, only a small amount of  remains adjacent to the outer layer. After 3000 h, no  
phase was observed in the inner layer. In the outer layer,  phase coarsened during ageing, and the 
amount of  phase also reduced slightly. In addition, the beta depletion zone between the coating and 
the TGO increased with ageing time. 
Figure 5-9 (a) - (d) shows the quantified area percentage of  throughout the coating. The profiles 
were produced through the use of image analysis techniques on the images displayed in Figure 5-8 
(a′) (b′) (c′) and (d′). The data have been smoothed using a 100 point (25 µm) adjacent-averaging 
procedure (raw data are displayed in light grey). Figure 5-9 (e) shows that in the outer layer, the 
amount of  reduced slightly with ageing time, but at a much reduced rate when compared with the 
inner layer reduction. In summary, the  phase coarsened and reduced in amount in the outer layer 
and became significantly depleted in the inner layer with ageing up to 3000 h at 1000oC. 
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Figure 5-8 Backscattered electron images of the (a) as received (AR),(b) sample aged at 1000°C for 100 h, (c) sample aged at 1000°C for 1000 h, and 
(d) sample aged at 1000°C for 3000 h with the corresponding beta phase highlighted in (a′) (b′) (c′) (d′) 
 
NiCr(Co)AlY NiCoCrAlY IN-738 
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Figure 5-9 β phase profiles obtained from micrographs using an image analysis procedure of 
the (a) as received (AR),(b) sample aged at 1000°C for 100 h, (c) sample aged at 1000°C for 
1000 h, and (d) sample aged at 1000°C for 3000 h (e) combined profiles showing beta 
depletion behaviour  
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5.3.6 Oxide growth 
In order to validate the oxidation behaviour of the LU model, oxide thickness measurements 
were made. EDS analysis was carried out to identify the nature of the oxide, which has been 
confirmed to be mainly alumina, with small amount of chromia. Detailed investigation was 
given later in Chapter 7, 8 and 9. 
The thickness of the thermally grown oxide (TGO) between the coating layers and the TBC 
can be measured in Figure 5-8. The dotted line (colour coded in blue) in Figure 5-10 shows 
the growth of the oxide layer from the thickness measurements as a function of exposure time. 
Following the pre-service heat treatment, a thin oxide scale of ~ 1.0 m had formed. After 
ageing at 1000oC for 100 h, the oxide scale had an average thickness of ~ 2.7 m. At the 
same ageing temperature, after 1000 h, the oxide scale had grown to an average thickness of 
~ 6.1 m. The oxide scale following ageing for 3000 h at 1000oC showed a significant 
increase in thickness, which is measured at ~ 9.4 m.  
In addition, the theoretical TGO thickness at a given temperature can be calculated using 
Equation 3-2 (section 3.6.3), which is shown in Figure 5-10 as black line (1050oC) and red 
line (1000oC). 
It is noticed that the measured oxide thickness is higher than the model prediction at 1000oC. 
However, the measured points fall well onto the 1050oC trend line predicted by the oxidation 
model. 
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Figure 5-10 Oxide scale thickness measurements. The experimental data are based on the 
commercial available dual-layered coating system 
 
5.3.7 Interdiffusion zone analysis 
The dual-layered coating system consists of two interdiffusion zones; one between the two 
coatings (I-CC) and one between the coating and the substrate (I-CS). Both of the 
interdiffusion zones were first analysed using FEGSEM backscattered electron imaging. 
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Figure 5-11 FEGSEM backscattered electron images of interdiffusion zones. (a) AR sample; 
(b) 100 h aged sample; (c) 1000 h aged sample; (d) 3000 h aged sample, all at the same scale 
Figure 5-11 shows that thin bands of particles were observed in the interdiffusion zones in the 
as-received and thermally aged samples. It is notable that voids/oxides are often present in 
the interdiffusion zones, mixed with the particles. However, Figure 5-11 (a) and (c) show that 
these voids/oxides appear black in the backscattered images, whereas the contrast of the 
particles is much lighter. By comparing the particle size between Figure 5-11 (a) and (d), it is 
clear that the particles coarsen notably with ageing.  
EDS composition maps of the areas containing the particles are shown in Figure 5-12. It is 
clear from these results that the bands of fine particles, which are revealed as grey particles in 
the backscattered electron images, are yttrium rich particles. EDS spot analyses at the areas 
shown in Figure 5-11 were carried out on the particles with the results plotted in Figure 5-12 
(g). It is found that the compositions of these ‘grey’ particles can be divided into two different 
5 µm a b 
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categories: yttrium rich and yttrium dominating. However, the two kinds of particles cannot 
be distinguished directly by their morphology or contrast from the BSD images. The 
compositions are given in Figure 5-12 (g), which clearly shows the differences between the 
two types of particles. One group of particles contain less than 35 at.% Y. By contrast, the 
other yttrium dominating particles contained approximately 60 at.% Y. 
Figure 5-12 (a) Backscattered electron micrograph with EDS maps of the (b) yttrium, (c) 
nickel, (d) chromium, (e) cobalt, (f) aluminium and (g) comparison of two types of yttrium 
containing particles 
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5.4 Discussion and model comparison 
It is important to verify the model outputs against the experimental data. This was achieved 
through comparison between the element profiles and the phase profiles from the model and 
experimental observations. 
5.4.1 Element diffusion analysis 
The model prediction of the element profiles was initially compared with the experimental 
results obtained by EDS matrix scanning. The results are given in Figure 5-13 (a) to (d) 
which shows the measured concentration distribution of Al, Co and Cr, overlaid on those 
predicted by the model. The typical specimens of AR, 100, 1000 and 3000 h aged were 
selected to illustrate the model accuracy and element concentration changes with time. 
The AR condition was simulated using the PHT described earlier. In general, the model is 
able to reproduce the observed behaviour. As evident in Figure 5-13 (a), in the case of the AR 
sample, good agreement was found between the experimental and predicted profiles although 
the simulation slightly under-predicts the diffusion of Co within the inner layer. After 100 h, 
in Figure 5-13 (b), the model predictions generally correspond well with the measured values, 
although in the inner layer the predicted levels are marginally higher. In the case of Co, the 
overlap of the curves on either side of the inner layer is most noticeable. In the outer layer, 
the model slightly under-predicts the concentrations of Al and Co, whilst over-predicting Cr. 
Across the inner layer of the samples, there is a gradual decrease in the measured Co level 
towards the outer layer, with a corresponding increase of Co in the outer layer when 
compared with the as received sample in Figure 5-13 (a). This indicates that more Co has 
diffused into the outer layer across the boundary than predicted by the model. In the 1000 and 
3000 h samples [Figure 5-13 (c) & (d)], the model prediction is fairly accurate for Al in the 
middle layer, especially after 3000 h, but the sample seems to retain more Al in the outer 
layer than predicted by the simulation. The model prediction for Co and Cr deviates further 
from experimental observations. In the 1000 h aged sample, the model predicts a greater 
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amount of Co being retained in the middle layer, which increases towards the centre 
compared to the fairly uniform levels measured experimentally. The model under-predicts the 
Cr concentrations in the inner layer while over-predicting them in the outer layer.
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Figure 5-13 Concentration profiles of Al, Co and Cr, measured in the (a) as-received (AR), (b) 100 h (c) 1000 h and (d) 3000 h aged samples at 1000oC, compared against the respective predictions from the 
diffusion model 
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5.4.2 Phase evolution analysis 
The model gives element diffusion profiles and phase evolution profiles simultaneously 
during a continuous modelling process. However, that means any error caused from the 
element diffusion prediction will lead to further discrepancy in phase evolution modelling. 
Therefore, in this section, the phase distribution profiles are not only analysed using 
simulations based on the nominal composition, but also examined using the experimentally 
obtained chemical composition measured from samples after each ageing treatment. The 
purpose is to validate the accuracy of the diffusion part of the model separately. 
5.4.2.1 Phase prediction based on nominal composition 
A summary of the phase evolution behaviour predicted by the simulation model is presented 
in Figure 5.3 for the as received (AR), 100 h, 1000 h and 3000 h aged samples at 1000oC. In 
the AR sample in Figure 5-3 (a), the outer NiCr(Co)AlY layer is predicted to consist mainly 
of four phases:   Cr and  In the inner layer, it is mainly  and with some sigma 
predicted near the interface between the coating layers. The phase structure across the coating 
system then quickly degenerates into a  configuration after just 100 h (Figure 5-3 (b)), 
with a thin layer of  predicted near the oxidation interface. After 1000 h, in Figure 5-3 (c), 
the  phase has depleted almost entirely from the outer layer, and significantly from the inner 
layer and converted into  and  At 3000 h only a  structure is predicted to be present, 
as shown in Figure 5-3 (d). These phase evolution predictions from the model can then be 
compared against the experimental observations which are depicted in micrographs shown in 
Figure 5-6 and summarised in Table 5-3 and Table 5-4. In the as-received sample, the phases 
and Cr are clearly observed in the outer-layer of the experimental sample, and the 
presence of these phases is accurately predicted by the model output shown in Figure 5-3 (a). 
The model, however, also predicts the presence of the  phase in the outer and inner layers, 
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increasing in quantity towards the inner/outer layer interface. This phase is however, not 
observable in significant quantities in these areas, and it is possible that precipitation occurs 
after prolonged ageing. The inner layer consists mainly of  and  according to both model 
and experimental observations. The interdiffusion zone between the inner layer and substrate 
is marked by a thin layer of  and also the presence of was noticeable experimentally A 
phase with a bright appearance in the backscattered electron image can be identified as a TCP 
phase, most probably the phase. All of these phases in the interdiffusion zone are accurately 
predicted by the model. After 100 h, much of the  in the outer layer has transformed to 
and the inner layer is composed of a  structure. However, although the prediction by 
the model broadly agrees with the experimental observations, the Cr phase observed in the 
outer layer and the  phase present in significant quantities in Figure 5.3 (b), are not 
predicted by the model.  
The model predicts the  depletion behaviour in the inner and outer coating well. For 
example, in Figure 5-6, the amount of the  phase in the inner layer decreases with time and 
the phase is completely removed at 3000 h, which is in complete agreement with model 
predictions in Figure 5-3. However, in the outer layer, a significant amount of  phase still 
remains even after 3000 h. This indicates the predicted depletion is slightly too fast. 
However, despite these minor differences, the model is able to predict successfully many 
features of phase evolution found in the experimental samples. 
5.4.3 Single layer coating system compared with dual-layered coating system 
This section compares the dual-layered coating examined above with two single-layered 
coating systems. The comparison is based on model prediction rather than experimental 
characterisation. The two single-layered coatings are 175 m (which is the total thickness of 
the dual-layered coating system) of Amdry 995 (NiCoCrAlY) and Amdry 962 (NiCr(Co)AlY) 
respectively (which are the two layers that constitute the dual layers). The temperature was 
set at 1000oC which is the temperature used experimentally before. 
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5.4.3.1 Element diffusion comparison 
The diffusion rate of different elements, especially Al can be an important indication of 
coating life. Therefore, the distribution of Al, Co and Cr from dual layer coating simulations 
and single layer coating simulations are compared below. 
Figure 5-14 shows that the dual-layered coating system is predicted to provide better 
performance than the corresponding coating system with individual layers. In the AR sample, 
Figure 5-14 (a) shows that after PHT, single layer with Amdry 962 has the highest Al Cr level 
but lowest Co level. By contrast, the Amdry 995 coating has the highest level of Co but 
lowest level of the other two elements. After 100 h, as evident in Figure 5-14 (b), the Al level 
in the outer layer in the dual-layered coating system appears to be more than the other two 
single-layered coating systems. It is the same but less obvious with the Cr level. However, in 
the middle layer, Amdry 962 coating still has more Al and Cr. Amdry 995 is still dominating 
in Co. However, in the 1000 hours aged sample [Figure 5-14 (c)] and 3000 h aged sample 
[Figure 5-14 (d)] simulation, it is noticed that the dual-layered coating system has the highest 
level of both Al and Cr. And the gap of Co level between the dual-layered coating system and 
Amdry 995 coating appears to be less with ageing.
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Figure 5-14 Concentration profiles of Al, simulated in the dual-layered samples against the 
respective single-layered coating systems in the (a) as-received (AR), (b) 100 h aged (c) 1000 
h aged and (d) 3000 h aged samples at 1000oC 
The fact that dual-layered coating system has a better ability of maintaining Al level is 
considered to be because the interdiffusion zone between the two coating layers behaves as a 
barrier which can slow down the element diffusion process. Considering that Al level is used 
as one of the indications of coating life, and Cr is important in providing corrosion resistance, 
the dual-layered coating system may provide a better coating performance because of the 
high Al and Cr remaining levels. 
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5.4.3.2 Phase evolution comparison 
Another factor that is commonly used in determining the coating life is the remaining level of 
phase. Therefore, a comparison of the amount of  between the dual-layered coating system 
and corresponding single layered coating systems is given in Figure 5-15 below. 
 
 
 
 
 
No beta left in all coating systems 
Figure 5-15 Amount of  phase, simulated in the dual-layered samples against the respective 
single-layered coating systems in the (a) as-received (AR), (b) 100 h aged (c) 1000 h aged 
and aged samples at 1000oC. After 3000 h, no  is predicted in any of the coating systems 
Figure 5-15 shows that dual-layered coating system has the lowest  depletion rate amongst 
the three coatings considered. Figure 5-15 (a) shows that in the AR sample, the Amdry 995 
coating has the most , and Amdry 962 has the least. However, the simulation indicates that 
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in all of the 100 h aged samples, the dual-layered coating system has the most  remaining. In 
addition, after 1000 h, only the dual-layered coating system has  left. The  phase is richer 
in Al than /’, and Al is useful in forming the protective scales. Therefore,  phase is 
generally regarded as a beneficial phase and it is also used as an indication of coating life. In 
this respect the dual-layered coating system cleared provides the longest coating life, even 
with less  in the AR sample. This again is linked with the slow Al diffusion caused by the 
interdiffusion zone between the two coating layers. However, it is also believed that this 
beneficial effect can only be obtained through finding the right combination of coating layers 
to form dual/multi-layered coating systems. The model therefore becomes a useful design 
tool in finding beneficial multi-layered coating structures. 
5.5 Summary for Chapter 5 
In this chapter, a number of advanced characterisation techniuqes were carried out on an 
existing industrial coating system: NiCr(Co)AlY + CoNiCrAlY on an IN-738 substrate. A 
comparison has been made between the element concentrations and phase evolution observed 
experimentally and those predicted by a multicomponent thermodynamic and kinetic model 
of a dual layered MCrAlY type coating system. It is demonstrated that there is both good 
qualitative and quantitative agreement between the predictions and observations. Dual 
layered MCrAlY coating systems were shown to have the potential to perform better than 
individual single layered coating systems. Comparisons of experimental results and 
simulations have shown that the model developed can be used as a design tool for the 
development of improved multi-layered coating systems. 
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6  CHAPTER 6  
COATING DESIGN 
 
6.1 Introduction 
This chapter covers the design procedure of a novel coating system developed during this 
research. The purpose of this work was to identify an optimum dual-layered MCrAlY coating 
structure which could be manufactured, aged and examined. The coating was designed using 
the thermodynamic-kinetic model described in Chapter 3, plus literature review work based 
on Chapter 2. Special attention was paid to “design economy”, which refers to the philosophy 
of using only the necessary steps to achieve the design requirements.  
The industrially available coating powders were then categorised and a number of powders 
were then discounted from further consideration.  
Next, a selection protocol was established to get sufficient information to determine the 
desired coating but also to avoid interference with initial categorisation mentioned in the last 
paragraph. At the end of the design process, two coating powders were chosen to form a 
multi-layered coating structure with three variations to test the characteristics of the multi-
layered coating system, the effect of thermal barrier coating (TBC) and the effect of keycoat 
(an additional MCrAlY layer to improve the adherent between bond coating and the TBC 
layer).  
The design process is divided into five steps. 
1. Categorisation: candidate coating materials selection. The first step was to choose a 
reasonable number of coating powders from industrially available coatings as a 
selection database, so that an examination process could be carried out based on these 
candidate coatings. A number of powders were discounted from further consideration 
due to reasons detailed in this chapter. 
2. Linking new material to existing information. Based on the literature review (Chapter 
2), two aspects of the coating candidates were examined, the ability to cope with 
different environments (“smart reactions”) and the compatibility factors of multiple 
coating layers, which is based on simulations using the validated thermodynamic-
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kinetic model. 
3.  Examination on the reaction of the coating candidates to the changing environments. 
This step was used to examine the ability of multi-layered coating in providing “smart 
reactions” according to the changing environments, as discussed in Section 2.5.3.  
4. Examination of the element diffusion behaviour. In section 2.5.4, the importance of 
element diffusion acceleration/de-acceleration behaviour was emphasised. The 
coating life was, in essence, based on the diffusion of different elements.  
5. Therefore, the last but not least part of the design process was to make different 
theoretical combinations of the coatings from the candidate materials, and then to 
examine the element diffusion behaviours. 
6.2 Candidate coating materials selection 
The main target of this design step was to find a number of MCrAlY type coatings to form a 
database. Table 6-1 Summary of the collected coating composition information with the 
production companies being highlighted (some of these coatings may no longer be in 
production), where samples with different colour shading are eliminated due to reasons given 
below 
 shows the composition of the chosen industrially available coating powders.  
Table 6-1 Summary of the collected coating composition information with the production 
companies being highlighted (some of these coatings may no longer be in production), where 
samples with different colour shading are eliminated due to reasons given below 
 
Trade name Composition (wt%) Supplier 
 Ni  Co  Cr  Al  Y  Other   
Amdry 961 Bal. - 17.0 6.0 0.50 Sulzer 
Amdry 962 Bal. - 22.0 10.0 1.00 Sulzer 
Amdry 963 Bal. - 25.0 6.0 0.40 Sulzer 
Amdry 964 Bal. - 31.0 11.0 0.60   Sulzer 
Amdry 995 32.0 Bal. 21.0 8.0 0.50 Sulzer 
Amdry 997  Bal. 23.0 20.0 8.5 0.60 4.0 Ta Sulzer 
ATD1 Bal. - 38.0 11.0 0.25 Airco Temescal 
ATD10 Bal. - 20.0 6.0 0.30 Airco Temescal 
ATD12 - Bal. 28.0 12.0 0.30 Airco Temescal 
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ATD14 - Bal. 31.0 5.0 0.30 Airco Temescal 
ATD18 - Bal. 25.0 11.0 - Airco Temescal 
ATD2 - Bal. 25.0 12.5 0.35 Airco Temescal 
ATD2B - Bal. 21.0 10.0 0.30 Airco Temescal 
ATD2C - Bal. 23.0 12.0 0.30 Airco Temescal 
ATD30 - Bal. 26.0 10.0 - Airco Temescal 
ATD4 - Bal. 22.0 13.5 0.30 Airco Temescal 
ATD41 - Bal. 17.0 8.0 0.30 Airco Temescal 
ATD42 - Bal. 21.0 10.0 0.30 Airco Temescal 
ATD5 - Bal. 18.0 9.4 0.40 Airco Temescal 
ATD6 - Bal. 18.0 9.0 0.30 Airco Temescal 
ATD63 Bal. - 33.0 10.0 0.30 Airco Temescal 
ATD6B - Bal. 18.5 7.0 0.30 Airco Temescal 
ATD6C - Bal. 18.5 7.5 0.30 Airco Temescal 
ATD6D - Bal. 18.5 8.0 0.30 Airco Temescal 
ATD7 Bal. 23.0 18.0 11.0 0.30 Airco Temescal 
ATD70 - Bal. 30.0 10.0 0.30 Airco Temescal 
ATD71  -  Bal. 35.0 10.0 0.30 Airco Temescal 
CT102 32.0 Bal. 21.0 8.0 0.60 Siemens 
CT103 Bal. 22.0 17.0 12.0 0.60 Siemens 
CT104 Bal. 23.0 22.0 11.0 0.40
4.0Hf, 
0.4Si 
Siemens 
CT32 - Bal. 18.0 12.5 0.40 Siemens 
CT41 - Bal. 18.0 7.5 0.50 Siemens 
GGM100 - Bal.  23.0 13.0 0.65 Sermatech 
GGM101 Bal. 23 17.0 12.0 - Sermatech 
GT29  -  Bal.  29.0 6.0 0.30 PLASMAGUARD 
LCO22 32 Bal.  21.0 8.0 0.50 Union Carbide 
LCO29 - Bal.  18.0 8.0 0.50 Union Carbide 
LCO37  23 Bal.  30.0 8.0 0.50 Union Carbide 
LCO5 - Bal.  20.0 10.0 0.50 Union Carbide 
LCO7 - Bal.  23.0 13.0 0.60 Union Carbide 
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LN11  Bal. 23.0 17.0 12.0 0.30 Union Carbide 
LN21  Bal. 22.0 21.0 7.5 0.50 Union Carbide 
LN34  Bal.  0.5 20.0 11.0 0.50 0.5Mo  Union Carbide 
PT112  Bal. -  17.0 6.0 0.50 Plasma Technics 
PWA268  -  Bal.  19.5 11.0 0.35 Pratt & Whitney 
RT119 - Bal. 31.0 6.0 0.50 1.2Si Chromalloy 
RT122  32.0 Bal. 21.0 8.0 0.70 Chromalloy 
RT30 - Bal. 26.0 9.0 0.30 Chromalloy 
RT31 32.0 Bal. 22.0 8.0 0.50 Chromalloy 
SC2231 30.0 Bal. 28.0 8.0 0.50 0.5Si CSL Silicones 
SC2241 32.0 Bal. 22.0 8.0 0.60
1.5Si, 
10.0Re 
CSL Silicones 
SC2311 Bal. - 28.0 12.0 0.60 10.0Re CSL Silicones 
SC2410 Bal. 27.0 21.5 7.5 0.60 CSL Silicones 
SC2411 Bal. 27.0 21.5 7.5 0.60 0.5Si CSL Silicones 
SC2412 Bal. 27.0 21.5 7.5 0.60
1.5Si, 
10.0Re 
CSL Silicones 
SC2442 Bal. 22.0 17.0 12.5 0.60
0.4Si, 
0.6Hf 
CSL Silicones 
SC2453 Bal. 10.0 28.0 12.0 0.60 3.0Re  CSL Silicones 
SC2510  -  Bal.  43.0 -  0.50 CSL Silicones 
SV20 Bal. - 25.0 5.5 0.70
1.0Ta, 
2.7Si 
Alstom 
SV30 Bal.  -  25.0 5.0 0.70
0.1Ta, 
0.35Ti  
Alstom 
1. Red colour shading: no Ni. It was decided that for this work the final coating must either 
be Ni-based or containing Ni to minimise the thermal expansion coefficient mismatch 
between the coatings and Ni-based superalloy substrates [103, 104]. Therefore, all the 
coatings highlighted in red in Table 1 were eliminated based on this requirement. 
2. Green colour shading: Re containing coatings. They were eliminated due to the high cost 
associated with incorporating Re in an industrial power generation coating. 
3. Blue and yellow colour shading: Si containing coatings. Due to the detrimental effect to 
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the mechanical properties, Si containing coatings were also eliminated (blue shading) [3]. 
Similarly, Mo containing coatings were also eliminated due to its detrimental effect on the 
high temperature oxidation resistance and hot corrosion resistance (yellow shading) [38].  
Therefore, based on the literature review work of the effect of the minor elements, only a 
number of coatings were potentially desirable in this project. The remaining coatings are 
summarised and listed in Table 6-2. According to the Co concentration, the coatings were 
then divided into three groups:  
Group 1: coatings with no Co (grey shading).  
Group 2: Coatings with Co level between 20 - 30 wt% (green shading).  
Group 3: Coatings with Co level between 30 – 40 wt% (purple shading).  
It is noticed that only Amdry® branded powders produced by Sulzer company (highlighted 
within each group) covers the whole range of these three groups.  
According to [113], the different designations of MCrAlY coatings (e.g. ATD; LCO; Amdry) 
were also designed to different coating deposition methodologies. For example, ATD refers to 
coatings produced by EBPVD; Amdry denotes to powders available for low pressure plasma 
spraying. Therefore, based on the fact that the coating trade names listed in Table 6-2 are 
associated with the deposition methodologies and industrial standards established by different 
suppliers, there are reasons to believe that better compatibility could be achieved by the 
coatings with the same designation. 
From Group 1 (0 wt% Co), Amdry 964 was firstly selected because of the high Cr 
concentration, to provide a desirable hot corrosion resistance [10, 11, 19, 35, 36, 105].  
Secondly, also from Group 1, Amdry 962 was also selected as a reference coating, because 
such coating was claimed to be used in the existing industrial dual-layered MCrAlY coated 
sample, as previously seen in Chapter 5.  
However, in fact, as illustrated in Chapter 5, the actual measured composition of Co of the 
outer layer was 10 wt% more than the nominal composition of Amdry 962 claimed by the 
industrial supplier (RWE nPower) shown in Table 6-2.  
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In order to keep the composition of this layer the same, the measured composition of the 
outer layer of the industrially available coating system was used instead of the nominal 
composition of Amdry 962 (see Table 6-3). Such coating is called NiCrCoAlY according to 
the composition. 
From Group 2 (Co level 20 – 30 wt%), Amdry 997 (NiCoCrAlTaY, by composition) was 
selected to be compatible with the other coatings selected produced by the same company 
(Sulzer). In addition, the effect of Ta can also be tested by choosing this coating. 
From Group 3, Amdry 995 (CoNiCrAlY) was selected for three main reasons. Firstly, it was 
proven in the literature as an effective coating [25]. Secondly, Amdry 995 was  examined in 
the previous Supergen projects [86, 106, 107]. Last but not least, Amdry 995 is also produced 
by Sulzer therefore any the compatibility issues are minimised.  
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Table 6-2 Summary of the potentially desirable available coating powders and their 
compositions. The coatings were arranged according to the Co concentration, and a different 
colour shading was used to define the selection procedure and further categorise these 
coatings 
Group 
number Alloy (wt%) Ni  Co  Cr  Al  Y  Other  
Group 1 
 
 
 
Amdry 961 Bal. 0 17.0 6.0 0.50 
Amdry 962 Bal. 0 22.0 10.0 1.00 
Amdry 963 Bal. 0 25.0 6.0 0.40 
Amdry 964 Bal. 0 31.0 11.0 0.60   
ATD1 Bal. 0 38.0 11.0 0.25 
ATD10 Bal. 0 20.0 6.0 0.30 
ATD63 Bal. 0 33.0 10.0 0.30 
PT112  Bal. 0 17.0 6.0 0.50 
Group 2 
 
 
CT103 Bal. 22.0 17.0 12.0 0.60 
LN21  Bal. 22.0 21.0 7.5 0.50 
Amdry 997  Bal. 23.0 20.0 8.5 0.60 4.0 Ta 
ATD7 Bal. 23.0 18.0 11.0 0.30 
GGM101 Bal. 23 17.0 12.0 - 
LN11  Bal. 23.0 17.0 12.0 0.30 
SC2410 Bal. 27.0 21.5 7.5 0.60 
Group 3 
 
 
RT31 32.0 37.5 22.0 8.0 0.50 
RT122  32.0 38.3 21.0 8.0 0.70 
CT102 32.0 38.4 21.0 8.0 0.60 
Amdry 995 32.0 38.5 21.0 8.0 0.50 
LCO37  23 38.5 30.0 8.0 0.50 
LCO22 32 38.5 21.0 8.0 0.50 
 
The final coating candidates were summarised in Table 6-3. These coatings were examined 
further in the following sections in order to find the dual-layered coating structure with the 
best properties.  
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Table 6-3 Summary of the final four coating candidates. The coatings are arranged in order 
of increasing Co concentration 
Alloy (wt%) Commercial 
names 
Co Cr Ni Al Y Others 
NiCrAlY Amdry 964 - 31.0 57.4 11.0 0.6 - 
NiCrCoAlY Amdry 962 10.0 20.0 57.0 10.0 1.0 - 
NiCoCrAlTaY Amdry 997 23.0 20.0 43.9 8.5 0.6 4.0 Ta 
CoNiCrAlY Amdry 995 38.5 21.0 32.0 8.0 0.5 - 
6.3 Modelling parameters 
The simulation parameters used included coating thickness, the order of the coating layers, 
and temperatures used to investigate thermal ageing are discussed in this section.  
6.3.1 Coating thickness 
The existing industrial dual-layered coating mentioned in Chapter 5 contains an inner layer of 
150 m bond coating and an outer layer coating of ~50 m MCrAlY type coating to provide 
better adhesion to the TBC (keycoat). This ‘keycoat’ structure was made of a single layer 
MCrAlY with normal bond coat thickness (150 m) and another MCrAlY coatingwith 
reduced coating thickness (~50 m).  
In the coating designed in this research, two coating systems were considered. Firstly, two 
layers of 150 m MCrAlY were used. 150 m was used to be comparable to the existing 
coating, and the two layer structure was used in order to study the properties of a dual-layered 
MCrAlY coating system. Secondly, an additional layer of 50 m keycoat was added to the 
system to study the effect of key coat used in the existing coating system. 
6.3.2 Thermal history 
The coating candidates were examined at two temperatures: 1000oC to simulate the high 
temperature oxidation regime and 880oC to more closely simulate the hot corrosion regime. 
Both of the examinations contained a pre-service heat treatment of 2 h at 1120oC and 24 h at 
845oC, both in vacuum, which is a typical treatment applied to coating before they enter 
service.  
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6.3.2.1 Evaluation of Section 6.3.2 
This project was primarily focussed on the possibility of prolonging the lifetime of industrial 
gas turbines. Unlike aeronautical gas turbine engines which require material to have cyclic 
oxidation resistance, the industrial process normally involves longer time isothermal 
exposure at a given temperature [108]. Therefore, the model simulation condition is 
determined to be isothermal oxidation instead of cyclic oxidation. 
As mentioned in the literature, the oxidation temperature regime describes exposure to 
temperatures in excess of 950oC [10]. The coating system designed in this research may have 
an additional layer of TBC, which can reduce the temperature towards the inner MCrAlY 
layer. Therefore, the environmental temperature was set at 1000oC for the simulation of 
oxidation conditions. 
The hot corrosion regime covers from 650oC to 950oC [10], and the simulation temperature is 
set at 880oC for two reasons. Firstly, at temperatures below 780oC, diffusion process is 
relatively slow within the bond coatings [55], in which case the kinetic part of the 
thermodynamic-kinetic model does not predict notable change up to 200,000 h [109]. The 
result of that is the microstructure of the MCrAlY coating stays stable. However, this 
prediction does not reflect microstructural evolution during service, where high temperature 
corrosion occurs. Therefore temperature below 780oC is not considered.  
Secondly, the model is not yet capable of simulating the influence of external corrosive 
environments. Therefore, the main focus was to investigate the oxidation related degradation 
at relatively high temperatures within this temperature regime. 
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6.3.3 The order of the coating layers 
The dual-layered coating structure was designed to include an oxidation resistant layer and a 
hot corrosion resistant layer, in order to provide different kinds of protection to the substrate 
according to the service environment. However, a critical issue is to determine the order of 
these two layers. 
 
 
Figure 6-1 Schematic diagram of the designed dual-layered coating system structure. (a) the 
oxidation resistant coating is on top of the corrosion resistant coating and (b) the corrosion 
resistant coating is on top of the oxidation resistant coating 
In Figure 6-1 (a), the outer oxidation resistant layer is there to provide oxidation resistance in 
the high temperature oxidation regime above 950oC [10]. By contrast, the inner corrosion 
resistant coating is to provide hot corrosion resistance at temperatures between 650oC and 
950oC [10]. 
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In Figure 6-1 (b), the inner oxidation resistant coating behaves as an Al reservoir to 
continuously provide Al to the outer surface to form a protective oxide layer, regardless of the 
isothermal ageing temperature.  
In addition, within the hot corrosion temperature regime, the outer corrosion resistant coating 
provides corrosion resistance against the service environment while the inner coating 
continuously provides Al. 
The substrate superalloy was IN-738 a standard conventionally cast Ni-based superalloy for 
comparison with the dual-layered coating system discussed in Chapter 5. 
6.3.3.1 Evaluation of Section 6.3.3 
The concept of Figure 6-1 (a) was originally proposed by Nicholls et al. [1], in which the 
outer coating provided oxidation resistance within the high temperature oxidation regime. At 
high temperature corrosion temperatures, the outer oxidation resistant layer was sacrificial in 
that when the protection was exhausted, the corrosion resistant coating underneath was able 
to provide additional protection.  
This structure is useful with the smart coatings [1] because there is no TBC involved in those 
multi-layered coating systems. Therefore, when the sacrificial layer spalls, it does not cause 
any further degradation to the coating system. However, the dual-layered coating system 
designed here is to be compatible with an additional layer of TBC. Therefore, a sacrificial 
outer coating layer would not be ideal in this case. 
The concept of Figure 6-1 (b) has also been mentioned in the literature [11], where a 50:50 
wt% Ni-Cr layer was used as the outer hot corrosion layer. This coating structure is 
compatible with an additional TBC layer. 
In this project, the structure illustrated in Figure 6-1 (b) was used for two main reasons. 
Firstly, this structure is TBC compatible, and secondly, such a coating system is capable of 
providing oxidation protection and corrosion protection without any sacrificial spallation. 
Moreover, even when spallation happens, additional protection underneath can come into 
effect. 
Once the parameters were determined, the target was then to choose the most appropriate 
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coating materials.  
6.4 Coatings determination 
The coating structure has been chosen as shown in Figure 6-1 (b). The target of this section is 
to choose the ideal hot corrosion resistant MCrAlY coating and ideal oxidation resistant 
MCrAlY coating to form the best coating system. 
Table 6-3 gives the best 4 coatings chosen from commercial coating powders. Simulations 
were carried out in order to determine the final coating system. Each coating was examined 
individually on their performance under high temperature (1000oC) and low temperature 
(880oC) isothermal heat treatment. The coating thickness of the single layered coating was set 
to be 300 m, same as the to-be-designed dual-layered coating system, which also has a total 
coating thickness of 300 m. 
6.4.1 Performance examination of each coating candidate 
The isothermal ageing performance of each coating under high temperature oxidation 
conditions (1000oC) and low temperature conditions (880oC) (to simulate corrosion 
temperature) was firstly examined and compared. 
6.4.1.1 Initial microstructure prediction 
The initial microstructure of the coatings is predicted in Figure 6.2 after the simulation of pre-
service heat treatment. 
Figure 6-2 shows the initial phase structure of the candidate coating materials after pre-
service heat treatment. It is seen in Figure 6-2 (a) that the NiCrAlY coating exhibits a stable 
three-phase structure consisting of , -Cr and  in the coating up to 250 m away from the 
coating surface. In the interdiffusion zone, the amount of  phase increases, whereas -Cr 
and  decrease. In addition, a peak of  phase is observed in the interdiffusion zone.      
Figure 6-2 (b) shows a , -Cr structure with a small amount of  present in the 
interdiffusion zone. Similarly, Figure 6-2 (d) shows a  structure in the coating layer and 
 in the substrate with small amount of  in the interdifusion zone. It is noticed that   
Figure 6-2 (c) gives a four phase structure of  and .  
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Figure 6-2 Prediction of the initial phase structure of the candidate coating materials after pre-service heat treatment: (a) NiCrAlY (B) NiCoCrAlY (c) CoNiCrAlTaY (d) CoNiCrAlY. The colour coding key is given in 
Figure 6.2 (a) 
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The results show that with the same pre-service heat treatment, by changing the composition 
of the MCrAlY type coatings [Figure 6-2 (a, b, and d)] or by adding extra elements     [Figure 
6-2 (c)], different phase structures can be expected. 
Once the initial structure was understood, the next step was to use the  depletion time as 
selection criteria to choose the best oxidation resistant coatings [30, 86, 110], and to use -Cr 
phase to define the hot corrosion resistance of the coating candidates [10, 19, 35, 36]. 
6.4.2 High temperature oxidation regime (1000oC) 
At temperature above 950oC, the governing degradation mechanism is high temperature 
oxidation [3]. The coating life is dependent on the formation of the protective oxide layer 
[106, 23, 43].  depletion time is also an indication of the coating life because it has the 
highest proportion of Al [30, 86, 110]. The phase profile of the four coatings at 1000oC for 
1000 h is given below in Figure 6-3. 
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Figure 6-3 Prediction of the phase structure of the candidate coating materials at 1000oC after 1000 h: (a) NiCrAlY (B) NiCoCrAlY (c) CoNiCrAlTaY (d) CoNiCrAlY. The colour coding key is given in Figure 6.3 (a)  
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Figure 6-3 shows that the prediction of phase distribution varies with coating composition 
after 1000 h at 1000oC. Figure 6-3 (a) shows that the NiCrAlY coating has a distinct 
microstructure when compared to the other candidates. Firstly, a significant amount of -Cr 
is predicted throughout the coating layer. Secondly, at either side of the coating interface, a 
dramatic change in  phase is also predicted.  
The -Cr phase has been mentioned in the literature to have two beneficial effects. Firstly, -
Cr reduces the coefficient of thermal expansion (CTE) mismatch between the oxide scale and 
MCrAlY coating [75] and secondly, α-Cr is able to strengthen  via a dispersion 
strengthening mechanism [77].  
The other coating candidate materials are predicted to exhibit similar three-phase 
microstructures consisting of  and . However, the  depletion time varies significantly 
for the different candidates, as shown in Figure 6.4. 
Figure 6-4  depletion completion time (no  left) comparisons between the coating 
candidates at 1000oC 
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Figure 6-4 shows that at 1000oC, the  phase depletion time varies significantly between the 
four coating candidates. The coatings with Co show longer  depletion times. In addition, the 
Co-based coating, CoNiCrAlY, outperformed the other Ni-based coatings in terms of  
depletion time. Comparison of the  depletion time between the NiCoCrAlTaY and 
NiCrCoAlY coatings shows that the addition of 4 wt% Ta is not predicted to contribute to the 
improvement on  depletion time.  
The beneficial effect of Co in improving the oxidation resistance of MCrAlY type coatings 
has been discussed and experimental observed in the literature [3, 49, 69, 111]. In addition, 
the influence of Ta has been mentioned in [72] where a Ta concentration <3 wt% was 
considered beneficial, but additions of 10, 20 and 30 wt% TaC were claimed to be detrimental 
to the oxidation resistance [72]. Such effect of Co and Ta agrees with  depletion time 
predicted by the thermodynamic and kinetic model, indicating that the qualitatively, the 
model prediction is reasonably accurate. 
6.4.3 High temperature corrosion regime (880oC) 
In real engine service environment, when corrosive gases are present, the main degradation 
mechanism at 880oC is hot corrosion [3]. In this research work, 880oC was used to simulate 
and evaluate the temperature effect of corrosion conditions. Cr has been claimed to be 
effective in providing corrosion resistance [3, 48]. -Cr phase is therefore, examined in this 
section because it is a reservoir of Cr. The microstructure of the coatings is more stable at 
880oC than at 1000oC, due to the relatively slow element diffusion rate. Therefore, the 
microstructure predicted for NiCrAlY, NiCoCrAlY, CoNiCrAlTaY and CoNiCrAlY, 
respectively after 20,000 h is shown in Figure 6.5. Figure 6-5 shows that out of the four 
coating candidates, only two candidates, NiCrAlY and NiCrCoAlY, are predicted to have -
Cr after 20,000 h at 880oC. The NiCrAlYcoating  has the highest amount of -Cr, which is 
more than 30 wt%. However, the other three coating candidates have similar Cr 
concentrations originally, but only NiCrCoAlY is predicted to from the -Cr phase. The other 
two coatings form  phase instead. One notable difference between the -Cr forming coating 
and forming coatings is the Co level. In the simulations carried out in this research, the -
Cr forming coating has less Co concentration than the  phase forming coating. It is 
suspected that Co level is associated with -Cr/ phase formation. However, no direct  
evidence was found in the literature. 
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Figure 6-5 The phase structure of the candidate coating materials at 880oC after 20,000 h: (a) NiCrAlY (B) NiCoCrAlY (c) CoNiCrAlTaY (d) CoNiCrAlY. The colour coding key is given in Figure 6.5 (a) 
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In addition, the above figure shows that after 20,000 h at 880oC, the CoNiCrAlY coating still 
retains the highest amount of the initial  phase. This coating has the longest  depletion time 
at both high temperature (1000oC) and relatively low temperature (880oC).  
 phase which has been known to embrittle Ni-based superalloys [112] are predicted in all 
the coatings. Sharp  peaks are predicted at the interface of all the coatings expect 
NiCoCrAlTaY, where such phase is across the whole coating layer. NiCoCrAlTaY is the only 
coating containing Ta, it is arguable that Ta may promote the formation of brittle  phase.  
The  depletion time and -Cr phase depletion time at 880oC of the four coating candidates 
are summarised in Table 6.4. 
Table 6-4 Summary of the  depletion time and -Cr phase depletion time at 880oC 
 -Cr depletion time Depletion time 
NiCrAlY 24 wt% -Cr left after 
100,000 h 
72,599 h 
NiCrCoAlY 8 wt% -Cr left after 
100,000 h 
 former (no ) 
NiCoCrAlTaY No -Cr 48,174 h 
CoNiCrAlY No -Cr 3 wt%  left after 
100,000 h 
Table 6-4 shows that after very long ageing times (100,000h) at 880oC, the simulation 
predicts that NiCrAlY has the most -Cr left, followed by NiCrCoAlY.  
For  depletion time, CoNiCrAlY has  phase remaining even after 100,000 h. NiCrAlY also 
exhibits a long  depletion time at 880oC. It is also interesting to see that at 1000oC, 
NiCrCoAlY is a  former. However, at 880oC, it is a  former, due to phase stability at 
different temperatures [112]. In addition, compared with NiCrCoAlY, with increased Co 
concentration and 4 wt% Ta, NiCoCrAlTaY is a  former with a  depletion time close to 
50,000 h.  
6.4.4 Evaluation of the reaction to different temperatures 
One desired feature of the designed coating system is to form different phases at different 
temperature regimes to provide appropriate protection. The results from the modelling work 
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have shown that at both 1000oC and 880oC, CoNiCrAlY (Amdry 995) gives the longest  
depletion time. Along  depletion time is an indication of good high temperature oxidation 
resistance [30, 86]. With isothermal ageing conditions experienced regularly in the industrial 
gas turbine engines, CoNiCrAlY has the potential to be the inner oxidation resistant layer of 
the dual-layered coating structure to behave as a reservoir of Al, the  phase. NiCrAlY 
(Amdry 964) provides the highest level of -Cr, which is enriched with hot corrosion 
resistance element Cr. Therefore, it is intended to be used as an outer corrosion resistant layer 
of the dual-layered coating system. However, other factors also need to be considered, one of 
which is the compatibility between the two coating layers in terms of element diffusion 
behaviour. The interdiffusion zone properties were therefore, examined utilising different 
combinations of the four coating candidates. 
6.4.5 Compatibility between the two coatings 
The compatibility between the two coatings was again examined using the LU model. With 
the concept established in Figure 6-2, the oxidation resistant coating CoNiCrAlY was used as 
the inner coating layer and the other three coatings were put on top of it to test the 
compatibility.  The temperature was set at 1000oC and the duration was set for 1000 h. The 
results are given below in Figure 6-6. 
Figure 6-6 shows that after 1000 h at 1000oC, compared with the other two coatings, 
NiCrAlY + CoNiCrAlY, which is the combination of the best corrosion resistant coating 
(based on -Cr remaining) plus the best oxidation resistant coating (based on  depletion 
time), provides the highest amount of  phase. The prediction for this system coating also 
shows an outer -Cr enriched layer. This well-defined structure is considered to be attributed 
to the decelerated element diffusion between the outer coating/coating interface and inner 
coating/substrate interface. 
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Figure 6-6 The coating structure prediction of dual-layered coatings with CoNiCrAlY as the oxidation resistant inner layer: (a) NiCrAlY + 
CoNiCrAlY (b) NiCoCrAlY + CoNiCrAlY (c) CoNiCrAlTaY + CoNiCrAlY. The colour coding key is given in Figure 6.6 (a) 
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6.5 Summary for Chapter 6 
The initial selection process was mainly based on the literature review work established in 
Chapter 2. Four coating candidates were selected from ~ 60 commercial coatings: NiCrAlY, 
NiCrCoAlY, NiCoCrAlTaY and CoNiCrAlY.  
Based on the thermodynamic and kinetic model prediction, among these four coatings, the 
best oxidation coating is believed to be CoNiCrAlY due to its extraordinary ability to 
maintain  at both 1000oC and 880oC. NiCrAlY was selected as the best corrosion resistant 
coating because of the high amount of Cr-enriched stable -Cr phase at both temperatures, 
especially 880oC.  
With the concept of an outer layer corrosion resistant coating and an inner layer oxidation 
resistant coating, the compatibility between the four candidates was tested. The results 
indicate that the best combination is an outer layer of NiCrAlY and an inner layer of 
CoNiCrAlY, which agrees with the individual layer examinations. 
Based on the multiple selection process, the final coating system chosen to be produced is an 
outer layer of NiCrAlY plus an inner layer of CoNiCrAlY and IN-738 substrate. This 
structure has three variations:  
1. 150 m NiCrAlY + 150 m CoNiCrAlY + IN-738 
2. 250 m TBC + 150 m NiCrAlY + 150 m CoNiCrAlY + IN-738 
3. 250 m TBC + 50 m NiCrAlY + 150 m NiCrAlY + 150 m CoNiCrAlY + IN-738 
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7. CHAPTER 7  
NOVEL COATING SYSTEM CHARACTERISATION: EFFECT 
OF ISOTHERMAL AGEING 
7.1 Introduction 
One of the driving forces to design a novel dual-layered coating system was to develop 
optimum responses as a function of the changing environment. Therefore, the effect of 
isothermal ageing temperatures was initially examined.  
The temperatures were set at 1000oC to simulate the oxidation temperature, and 880oC to 
simulate the hot corrosion temperature. The samples examined for this purpose were TBC 
coated dual-layered samples, and these samples were isothermally aged for various times. 
The as-received, 100 h aged, 1000 h aged and 10,000 h aged samples were subsequently 
selected and examined. 
7.2 Characterisation of the AR sample 
The AR sample was examined mainly from two aspects: the element distribution behaviour 
and phase distribution profiles. The results were then compared with the model predictions. 
7.2.1 Overview of the AR sample 
The samples were pre-heat treated at 1120oC for 2 h and 845oC for 24 h, both in vacuum.  
The backscattered (BSD) electron image presented in Figure 7-1 shows two distinct layers in 
the TBC coated as-received sample. Within each layer, features with different contrast were 
noticed. It was measured that the outer NiCrAlY layer was 120 m in thickness, 30 m less 
than the 150 m design target value. The inner CoNiCrAlY layer was ~ 170 m, 20 m more 
than the designed 150 m value. The measured thickness of the two coating layers was used 
for the model simulations which are demonstrated in the later parts in this section. The black 
regions in the coatings were identified to be oxides or voids. It was noticed that the 
oxide/voids are significantly more in the outer NiCrAlY layer than the inner CoNiCrAlY 
layer. The continuous oxides observed at the coating/substrate interdiffusion zone can be seen 
as indications of the original interface. In addition, lamella structures were observed in the 
outer NiCrAlY layer of the as-received sample as indicated in Figure 7-1.  
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Figure 7-1 Overview of the AR TBC coated sample 
7.2.2 Element distribution analysis 
Using the matrix scanning technique which was illustrated in Chapter 4, a comparison 
between the experimentally observed values and model predictions is presented in Figure 7-2. 
Figure 7-2 shows that after the pre-heat treatment, a good match was obtained between the 
model predictions and experimental observed values.  
For the outer NiCrAlY layer, the blue lines represent Cr and the black lines represent Al; Co 
is shown using red. In the outer layer, the measured Cr concentration has the same trend as 
the model prediction, only marginally lower. Similar to Cr, the Al concentration measured 
experimentally is slightly higher than the model prediction. For Co, it was noticed that even 
after just pre-heat treatment, the measured concentration was notably higher than the model 
prediction. The difference is more significant for Co than for the other two elements.  
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Figure 7-2 Comparison of elemental profiles between the model and experimental results. 
Note that the experimental points were taken using a “matrix scanning” technique. Each 
point was averaged from 10 different data positions with the same depth value on x axis 
For the inner CoNiCrAlY layer, Cr and Al have very good match between the experimental 
values and model prediction. However, with Co, some differences were observed. It was also 
noticed that the gradient is steeper in the interdiffusion zone between the coating and 
substrate compared with that between the two coating layers. In addition, a very good match 
was obtained on all of the three major elements in the substrate. 
For Al, the model prediction is very accurate through the coating layer and the substrate, 
which is within the error bar of experimental observed value. For Cr, the prediction is mostly 
accurate in the inner coating layer and the substrate. However, for Co, the diffusion rate 
between the two coating layers appears to be faster than the model prediction.  
7.3 Phase identification/distribution analysis 
It was confirmed in chapter 5 that each phase in the MCrAlY type coating has a distinct 
combination of different elements. Therefore, EDS maps colour coded with different 
elements can then be used to indicate different phases. Based on this, EDS results of Al, Cr 
and Ni were combined to form EDS maps, from which different phases were separated. 
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7.3.1 Phase identification 
Colour coded EDS phase maps in Figure 7-3 show the different features observed in the as-
received sample. By combining Ni (red) Cr (green) and Al (blue), the -Cr phase was seen in 
green, / was highlighted in red and the substrate was observed in yellow. 
Figure 7-3 (b) shows that in the outer NiCrAlY layer, it is mainly -Cr, , and.       
Figure 7-3 (c) shows that in the inner CoNiCrAlY layer, it is mainly  and . In addition, / 
feature are seen in the substrate. The blue regions which were also observed in the samples 
were confirmed to be oxides. The black non-indexed regions were voids, as indicated in the 
figures accordingly. 
Note the phase confirmation techniques can be seen previously in Chapter 5, Section 5.3.3. 
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Figure 7-3 EDS overlaid map showing different phases in the two coating layers in the AR 
sample 
7.3.2 Phase reconstruction  
Based on the colour coded phase image given in Figure 7-3, by using image analysis methods 
mentioned in Chapter 4, different phases, which are represented by different colours, were 
subtracted and analysed. The results are given in Figure 7-4. It should be noted that the 
analysis is based the area percentage of each phase.  
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Figure 7-4 Phase reconstruction of the as-received sample 
Figure 7-4 shows that quantitatively, in the outer NiCrAlY layer, the  phase is approximately 
half of the total area. /′ phase takes the majority of the rest of the outer layer with a 
relatively small amount of -Cr phase and an even smaller amount of oxide. It was also 
noticed that some  peaks are observed in the outer layer. This observation correlates to the 
lamellar structure observed in the outer NiCrAlY layer, and shown in Figure 7-1. 
In the middle layer, it was mainly  and , and the amount of  matrix is notably higher than 
that of the  phase. In addition, at the interdiffusion zones between the two coatings and 
coating/substrates, thin regions of oxide were also observed. Moreover, phases change 
dramatically between the two layers of coatings. By quantitative analysis of the phase 
distribution, comparisons were able to be made between the model output and experimental 
values. 
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7.3.3 Model validation on phase distributions 
The reconstructed phase profile was then compared with the model prediction, which is given 
in Figure 7-5.  
 
Figure 7-5 Model phase prediction of the as-received sample with an outer layer of NiCrAlY, 
an inner layer of CoNiCrAlY and substrate of IN738 
Figure 7-5 shows that the model predicts approximately 50 wt% of ′ matrix with notable 
amounts of -Cr and  phase present in the outer NiCrAlY layer. Experimentally, all the 
predicted phases were observed. In addition, the amount of the matrix material and  phase is 
similar between the model prediction and the experimental value. Therefore, a reasonable 
match between the prediction and the results was obtained.  
In the middle CoNiCrAlY layer,  and  were seen from both the model and the experimental 
results. Quantitatively, the amount of these two phases matches relatively well between the 
prediction and observation. It is noticed that the  phase predicted between the two coatings 
  
NiCrAlY CoNiCrAlY IN738 
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were not seen experimentally. However, overall a reasonably accurate prediction was 
obtained.  
7.4 Effect of the isothermal ageing temperatures 
The novel dual-layered coating system was designed to provide different kinds of protection 
according to the changing environments. This feature was examined at two temperatures 
which represents different service conditions, 1000oC for high temperature oxidation 
condition and 880oC for high temperature corrosion condition. 
7.4.1 High temperature oxidation regime (1000oC) 
At 1000oC, the overview of the chosen aged samples and the corresponding phase profiles are 
shown in Figure 7-6. In this section the attention was mainly paid to  depletion behaviour 
and the -Cr evolution behaviour based on samples with different ageing time.  
7.4.1.1 Short-term (100 h) aged sample 
Figure 7-6 (a) shows the same kind of phases in the outer and inner coating layers as these 
observed previously in the AR sample. However, after 100 h,  phase depletion occurred 
mainly at two regions. The first region was the outer interdiffusion zone between the 
MCrAlY coating layers and the TBC layer, and the second region was the interface between 
the coating layers and the substrate. The width of the outer  depletion zone was                
17.6 ± 5.4 m. The width of the inner  depletion zone was 30.4 ± 5.1 m (calculation based 
on 10 random measurements). Therefore it is clear that the inner  depletion is faster than the 
outer  depletion. In addition, the phase in the inner layer coarsens slightly in the 100 h 
aged sample. 
Figure 7-6 (b) shows that quantitatively, the amount of  phase in the inner CoNiCrAlY layer 
maintained a similar level as the AR sample at 0.2 (20% area percentage). The amount of  
phase in the outer NiCrAlY layer reduced slightly compared with the AR sample. Moreover, 
the  peaks observed previously in the outer layer in the AR sample still exist but become 
less distinctive. 
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Figure 7-6 Phase map (a), and phase profile (b), of the short term aged sample at 1000oC for 
100 h 
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In addition, it was also seen that the -Cr phase coarsens notably from the AR sample. From 
the reconstructed file, two -Cr peaks are observed. These two peaks are similar in height 
and width. The width of the -Cr phase zone is approximately 100 m, which is less than 
that of the AR sample. However, at certain distance away from the TBC, the amount of -Cr 
phase reaches ~10% area, which is higher than what has been observed from the AR sample. 
7.4.1.2 Medium-term (1000 h) aged sample 
Figure 7.7 (a) shows that after 1000 h at 1000oC, in the dual MCrAlY coating layers, the  
matrix with  and -Cr remains in the outer layer and the  matrix with a reduced amount 
of  is observed in the inner layer. The outer  depletion zone increases slightly             
22.1 ± 7.8 m. The inner  depletion zone increases dramatically to 78.1 ± 13.2 m. In 
addition, the coarsening of the  phase can be clearly seen in the inner layer from          
Figure 7-7 (a). 
Figure 7-7 (b) confirms that the phase reduces slightly in both the inner and the outer 
MCrAlY layers. In addition, the growth of the thermally grown oxide (TGO) thickness can 
also be seen notably after 1000 h. The amount of -Cr phase remains significant in the outer 
coating layer with level up to 0.15 (15% area). 
Compared with the 100 h aged sample, the width of the outer  depletion zone has only 
changed slightly. However, the width of the inner  depletion zone increased to 
approximately 80 m. It was also noticed that the amount of  left in the inner layer is less 
than what was left in the outer layer. In addition, the previously observed double -Cr peaks 
merged into one major peak in the outer layer, with notable coarsening.  
In addition, it was also noticed that Topologically Close-Packed (TCP) phase formed during 
isothermal ageing at 1000oC, especially after 1000 h, where the TCP phases were connected 
and clearly seen from the EDS combined map. The detailed discussion of TCP is beyond the 
scope of this research project, but could be seen in literature such as [114].  
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Figure 7-7 Phase map (a) and phase profile (b) of the medium-term aged sample at 1000oC 
for 1000 h 
 
0 100 200 300 400
0.0
0.2
0.4
0.6
0.8
1.0
A
m
ou
nt
 o
f p
ha
se
s 
(%
)
Depth (m)
 1000h 
Outer  depletion zone 
In
ne
r
 d
ep
le
tio
n 
zo
ne
 
 
 '
 -Cr
 oxide
 a 
 b 
    
 30 m 
 
TCP phases 
122 
7.4.1.3 Long-term (10,000 h) aged sample 
Figure 7-8 (a) shows that after 10,000 h at 1000oC, the  depletion process is mostly 
completed. Only a thin band of approximately 40 m of  phase left in the interdiffusion 
zone between the two coating layers. The outer  depletion zone increases notably to         
79.5 ± 4.1 m. The inner  depletion zone increases to 225.9 ± 9.0 m. In addition, the 
amount of -Cr phase decreases significantly. A thin band of coarsened -Cr was observed 
attached to the outer surface of the coating layers. It should be noted that such phase was 
confirmed by EDS which showed little oxygen present. In addition, the amount of internal 
oxide in the outer layer seemed to increase slightly compared with the 1000 h aged sample.  
Figure 7-8 (b) shows the corresponding quantitative chemical information. In the inner layer, 
the internal oxide is as high as 0.1 (10 area percentage). The amount of -Cr phase near the 
coating surface is approximately 0.3. However, the amount of -Cr phase quickly decreases 
down to zero at approximately 30 m into the coating layer. 
It is important to mention that total TBC spallation occurred when sample was air quenched 
to room temperature after 10,000 h from 1000oC. No thermally grown oxide (TGO) was 
observed on this sample. 
The loss of TBC and TGO happens when  depletion is mostly completed. This illustrates 
that  depletion is an effective tool for coating life prediction [91]. It is suspected that when 
depletion is completed, there is not enough Al left in the coating layer to form a 
continuous alumina oxide scale. Without supplement, breakaway oxidation can occur at the 
thermally grown oxide (TGO)/substrate interface, which leads to further spallation of TBC. 
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Figure 7-8 Phase map (a) and phase profile (b) of the long-term aged sample at 1000oC for 
10,000 h 
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7.4.1.4  depletion zone growth rate calculation and coating life estimation 
 phase depletion is often used as an indication of coating life [7, 91]. Figure 7-9 shows the  
depletion zone width measurements from the samples described above and other additional 
samples isothermally aged at 1000oC for 500 h, 2000 h, and 5000 h.  
 
Figure 7-9 Width measurement of outer and inner  depletion zone as a function of 
isothermal ageing time 
Figure 7-9 shows that the outer  depletion zone width measurements exhibited a near linear 
growth rate, whereas the inner  depletion zone shows an approximately exponential 
relationship against isothermal ageing time. 
It is suspected that the faster inner  depletion between the coating and the substrate is due to 
the two way Al diffusion, both into the substrate and into the outer coating layer. Therefore 
the inner  depletion is relatively fast. In comparison, the outer  depletion is relatively slow 
mainly because of the Al supplement coming from the inner layer.  
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7.4.2 Hot corrosion temperature regime (880oC) 
Figure 7-10 shows the phase evolution of the novel dual-layered MCrAlY coatings at 880oC. 
After 100 h at 880oC [Figure 7-10 (a) and (b)], the outer layer evolved into a structure which 
contained 1/3 , 1/3  and 1/3 -Cr, all in area percentage. This structure is significantly 
different from the as-received sample and the 100 h aged sample at 1000oC. In this 100 h 
aged sample, the amount of -Cr phase increased dramatically to become one of the major 
phases in the outer layer. It is also worth mentioning that in the inner CoNiCrAlY layer, it is 
mainly  and  phase structure. 
After 1000 h at 880oC, in the outer NiCrAlY layer of the 1000 h aged sample the amount of 
-Cr phase reduced slightly but the remaining amount is still significant. The width of the -
Cr phase region reduced from approximately 140 m (100 h) aged sample to approximately 
100 m in the 1000 h aged sample.  
A thin band of ~20 m  depletion zone was seen between the coating layers and the 
substrate, however, the  phase coarsened significantly after 1000 h. The result is that the 
area percentage of the  phase increased notably in both coating layers. In addition, a 
peak was seen at the interdiffusion zone between the two coating layers. 
After 10,000 h at 880oC, the -Cr phase coarsened notably (Figure 7-11), and the amount 
reduced significantly. Three peaks of -Cr phase were observed. This again is believed to be 
associated with the lamella structure labelled in Figure 7-1.  
In addition, the  phase coarsening process continued up to 10,000 h. The amount of  
reduced slightly. However, even after 10,000 h at 880oC, a notable amount of  phase 
remained in both the outer and inner coating layers. The  peak observed in the 1000 h 
aged sample was also seen in the 10,000 h aged sample. The  depletion zone at the interface 
between the two coating layers and the substrate increased to ~ 40 m.  
TCP phase formation was also seen in the 880oC thermally aged samples. However, the 
formation speed is lower compared with the samples aged at 1000oC. For example, Figure 
7-7 showed clear TCP phases after 1000 h at 1000oC, but similar features were observed after 
10,000 h of thermal exposure at 880oC.  
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Figure 7-10 Phase map (a) and phase profile (b) of the long-term aged sample at 880oC for 
100 h 
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Figure 7-11 Phase map (a) and phase profile (b) of the long-term aged sample at 880oC for 
1000 h 
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Figure 7-12 Phase map (a) and phase profile (b) of the long-term aged sample at 880oC for 
10,000 h 
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7.4.2.1  Evaluation of -Cr phase stability at 880oC 
Compared with -Cr at 1000oC, the increasing amount of -Cr phase is due to the isothermal 
ageing temperature effect on phase stability. It has been claimed that the stability of -Cr 
phase is very temperature dependent [112]. This research work reveals that in the dual-
layered coating system, -Cr is more stable at 880oC, compared with 1000oC. 
In particular, -Cr has been referenced as a beneficial phase from two aspects. Firstly, -Cr 
has a similar coefficient of thermal expansion as the alumina scale [112]. Therefore, it is 
useful in reducing the mismatch between the MCrAlY type coating and the thermally grown 
oxide (TGO). Secondly, the -Cr phase is useful in improving bond coating corrosion 
resistance [10, 11]. The strong ability of retaining -Cr phase at 880oC is believed to be a 
desirable feature of the designed dual-layered coating system. 
7.4.2.2 Evaluation of smart reaction to the changing environment 
One of the design targets was to design a coating with the ability of reacting ‘smartly’ 
according to the changing environments. This chapter so far reveals that the designed coating 
exhibit this ability to an extent.  
Firstly, at the oxidation temperature regime (1000oC), the designed coating has a depletion 
time close to 10,000 h, which was never claimed in the literature before. Although TBC and 
TGO spallation occurred after 10,000 h, the oxide layer still remains attached in the 5000 h 
aged sample (which was not shown in this chapter). This dense alumina layer can potentially 
provide improved oxidation resistance and prolonged coating life under high temperature 
oxidation conditions. 
Secondly, at the hot corrosion temperature regime (880oC), the designed coating system 
shows an extremely stable phase structure. Even after 10,000 h, a significant amount of  and 
-Cr still remain in the coating layer. The oxide layer is also attached to the coating surface. 
This -Cr phase is potentially useful in holding the scale together and providing adequate 
corrosion resistance. 
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7.5 Coating performance evaluation 
The thermally grown oxide (TGO) growth rate is an indicator of the coating properties, as 
discussed in Chapter 2, Literature Review [100, 101, 114]. The TGO growth rate is reflected 
in the TGO thickness, which is used in this section to evaluate the designed coating 
performance.  
7.5.1 TGO thickness at high temperature oxidation regime (1000oC) 
Firstly, the TGO thickness of the designed dual-layered MCrAlY coating was compared with 
two of the existing coating systems and the oxidation model prediction (Equation 3-2). The 
two other coating systems were (1) the single layered 220 m NiCoCrAlYHf type coating 
designed at Loughborough University [125] and (2) an existing dual-layered coatings 
mentioned in Chapter 7. The comparison is given in Figure 7-13. 
Equation 3-2 indicated that the relationship between the oxide thickness and the ageing time 
is parabolic. Therefore the square root of time was used as the x axis aiming to get a      
linear-like relationship. 
It is seen that for the TGO thickness plots between the coatings and the model prediction 
followed similar trend (linear-like relationship). The TGO thickness of the designed sample 
was seen to be marginally lower than the model prediction while that of the existing sample 
and the single layered sample is higher.  
This finding indicates that the designed dual-layered MCrAlY coated sample exhibited a slow 
oxidation growth rate. This finding is reinforced by the slow  depletion behaviour 
mentioned in the previous section, where a certain amount of  was observed even after 
long isothermal ageing time (10,000 h).  
The relatively slow oxidation growth rate and slow  depletion together indicate that at high 
oxidation temperature regime (1000oC), the designed coating has the potential to provide 
decent oxidation resistance with adequate coating life. 
The underlying mechanism is still not completely clear at this stage. It is suspected that the 
the interface between the two MCrAlY coating layers behave  
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Figure 7-13 TGO thickness comparisons at 1000oC. Data contain model simulation, existing 
dual-layered sample, single-layered sample and designed dual-layered sample 
7.5.2 TGO thickness at high temperature corrosion regime (between 850oC to 900oC) 
At the high temperature corrosion regime, the designed dual-layered MCrAlY coating system 
was compared with samples coated with single layered CoNiCrAlY (inner layer of the dual-
layered coatings). This single layered coating had two coating thickness: 50 m and 250 m. 
The coating thickness data of the single layered CoNiCrAlY was taken from Dr Newman’s 
PhD thesis [115].The measured oxide thickness of the designed dual-layered MCrAlY coated 
sample matched well with the model prediction. In addition, the designed coating exhibited a 
slower oxidation growth rate than the single layered CoNiCrAlY in most cases. 
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This observation reinforced the findings mentioned in the previous section. As well as high 
temperature oxidation regime (1000oC), at high temperature corrosion regime (880oC), the 
designed coating also showed slow  depletion and low oxidation growth rate. These 
properties together with the extensive amount of -Cr phase could potentially provide good 
corrosion resistance as well as extended coating life. 
 
 
Figure 7-14 TGO thickness comparisons at 880oC. Data contain model simulation, existing 
dual-layered sample, single-layered sample and designed dual-layered sample 
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7.5.3 Discussion on the oxide thickness comparison 
Figure 7-13 shows that the designed coating system exhibits slower oxide growth rate at 
1000oC than the model prediction and the previously analysed industrially available coating 
system. This is believed to be due to the oxides along the coating/coating, coating/substrate 
interfaces, or inside the coatings. Such features have been claimed to be able to block the 
diffusion of alloying elements [116]. 
In order to test this hypothesis, TEM specimens were lifted out from the region shown in 
Figure 7-15. 
 
Figure 7-15 Schematic diagram showing the location of the TEM lift-out specimen 
The High Angle Annular Dark Field (HAADF) Scanning Transmission Electron Microscopy 
(STEM) images of the region shown in Figure 7-15 are listed in Figure 7-16. 
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Figure 7-16 High Angle Annular Dark Field (HAADF) Scanning Transmission Electron 
Microscopy (STEM) images showing the interface features between the two coating layers 
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It is known that the HAADF mode in a STEM is sensitive to atomic number when the 
thickness of the TEM specimen is homogenous. This TEM sample was prepared using 
focused ion beam. During the final thinning process, the thickness of the specimen was kept 
the same across the region of interest. Therefore in Figure 7-16, the contrasts are due to the 
atomic number differences of the corresponding features. In HAADF mode, features with 
smaller atomic number appear darker and vice versa. Compared with the Ni-based substrate 
of the TEM specimen, metal oxides have a smaller atomic weight, hence appear darker in a 
HAADF image. The oxide nature of the dark features in Figure 7-16 was also proved by EDS 
maps. 
A more interesting question is the function of these oxides on the element diffusion behaviour. 
It is seen that within the interdiffusion zone between the two coating layers, a large number 
of these oxides can be found. EDS line analysis was carried out on multiple locations on 
Figure 7-16 (b). The results of line No.1 is shown below as an example. 
 
Figure 7-17 EDS line analysis of the chemical composition change through an oxide feature 
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Figure 7-17 shows that at each side of the oxide, the chemical composition is different from 
each other and the oxide. For example, the concentration (represented by the intensity of the 
EDS signal) of Al dropped dramatically on the right hand side of the feature (shown in Figure 
7-17). However, on the left hand side, the slop of the intensity change of the same element is 
rather smooth. Hence the internal oxides which are commonly seen in the interdiffusion 
zones (Figure 7-17) and inside the coatings (Figure 7-1) are believed to behave as a diffusion 
boundary to slow element diffusion behaviours. This finding agrees with the findings of the 
research work [116]. 
7.6 Summary for Chapter 7 
This chapter firstly discussed the phase stability of the designed coating system at two 
different temperatures. It is noted that at the oxidation temperature regime of 1000oC, the 
designed coating system exhibited a prolonged  depletion time up to 10,000 h. At the hot 
corrosion temperature regime of 880oC, the coating shows an extremely stable -Cr phase 
and  phase. These abilities to react accordingly in response to the changing environments 
are potentially beneficial for the coating system to provide such a ‘smart’ protection to the 
industrial turbine engine components. 
In the latter part of this chapter, the oxidation growth rate was compared between the existing 
dual-layered MCrAlY coated samples, designed coating systems and a number of single 
layered MCrAlY coatings. The results show that at 1000oC, the oxidation growth rate of the 
designed coating system is lower than the existing dual-layered MCrAlY coatings and single 
layered coatings. It is also lower than the model prediction. At 880oC, the oxidation growth 
rate falls onto the model prediction trend line. 
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8. CHAPTER 8  
The Effect of a TBC on the Dual-layered MCrAlY Bond Coat 
 
8.1 Introduction 
After the novel coating system design process (Chapter 6), three variations of the same 
coating concept were produced. The previous chapter (Chapter 7) mainly focused on the 
isothermal ageing temperature effect on samples with a layer of thermal barrier coating 
(TBC). As a continuation, in this chapter the effect of TBC will be discussed, based on the 
comparison between samples with and without a TBC layer. Variables between the two 
comparison groups have been constrained to the TBC layer only. All the other parameters 
were kept the same, including thermal history, deposition methodologies, coating thickness 
and substrate composition.  
The distribution of different phases was first investigated. Characterisation has been carried 
out on the phase distribution behaviour with the oxide thickness measured and the TBC 
coated and non-TBC coated samples compared. Characterisation of TBC coated samples was 
detailed in Chapter 7, therefore the results from Chapter 7 are regularly reviewed in this 
chapter. 
Table 8-1 Summary of the samples characterised in this chapter. Green shading: phase 
distribution analysis. Additional samples were aged for oxide thickness measurement 
Ageing time (h) Experiments and purposes 
TBC  No TBC 
AR AR Initial phase microstructure  Oxide 
thickness 
comparison 
on all the 
samples  
100 100 Short-term phase and microstructure 
comparison 
500 500 Aged for oxide thickness measurement 
1000 1000 Medium-term phase and microstructure 
comparison 
5000 5000 Aged for oxide thickness measurement 
10,000 10,000 Long-term phase and microstructure 
comparison 
 
The samples characterised in this chapter are illustrated in Table 8-1. The effect of the TBC 
on phase evolution was examined by comparing the samples with green shading: short term 
aged (100 h), medium term aged (1000 h) and long term aged (10,000 h). Two other samples 
have also been isothermally aged ath intermediate times for oxide thickness measurement. 
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8.2 Characterisation of the as-received (AR) non-TBC coated sample 
The as-received (AR) sample with a TBC layer was described in the previous chapter 
(Chapter 7). An overview micrograph of the AR samples without a TBC layer with the same 
pre-service heat treatment (1120oC for 2 h and 845oC for 24 h, both in vacuum) is illustrated 
below. 
 
Figure 8-1 The backscattered electron (BSE) image showing an overview of the AR non-TBC 
coated sample 
The backscattered electron (BSE) image of the non-TBC coated AR sample (Figure 8-1) 
shows similar findings as described in Figure 7-1 in the previous chapter. For example, two 
distinct layers of MCrAlY coating are observed. The outer NiCrAlY layer is measured at a 
value close to 120 m in thickness. The thickness of the inner CoNiCrAlY layer is ~ 170 m. 
Regions with different contrast have also been observed. For example, in the box region 
highlighted in Figure 8-1, black regions, grey regions and a background region are observed. 
The probable phase structure of the AR non TBC coated sample is given in Figure 8-2. 
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Ni   Cr   Al 
Figure 8-2 EDS overlaid map showing different phases in the two coating layers in the AR 
non-TBC coated sample, note the colour ‘yellow’ appeared in the image is a result of the 
combination of Ni (red) and Cr (green) 
The combined phase map (Figure 8-2) clearly shows the distribution of different phases 
within the two coating layers and the substrate. The outer NiCrAlY layer shows a four phase 
structure of -Cr. The inner layer shows a two phase structure of . And the substrate 
consists of mainly ′. 
In particular, it is noticed that the substrate shows a mix of ‘red region’ and ‘yellow region’, 
which are  and ′. However, such phases are difficult to be distinguished based on BSE 
images shown in Figure 8-1. The EDS coloured map shown in Figure 8-2 however, clearly 
shows a higher fraction of Cr (green colour) in the yellow region than the red region (when 
green is added to red, the colour turns yellow). Such has also been confirmed by EDS point 
analysis, which indicated a higher fraction of Cr ( ~ 18 wt%) in the yellow region, compared 
with the red region (Cr ~ 4 wt%). It is also known from the literatures that in superalloys in 
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general, phase contains more Cr than′ [117]. Therefore, the red phase in the substrate is 
confirmed to be . 
Compared with the TBC coated AR sample shown in Figure 7-3, the non-TBC coated sample 
shows the same phases in the two coating layers and the substrate.  
However, a distinctive ‘green’ region on the outer coating surface is observed in the non-
TBC coated sample. Underneath the ‘green’ phase a layer of a ‘dark red’ band can also be 
seen. These features were not previously observed in the TBC coated sample. Hence, EDS 
mapping characterisation has been carried out to identify these features. 
 
 
 
 
 Ni  Cr  Al  O  
Figure 8-3 EDS overlaid image and EDS maps from the outer coating surface of the AR non-
TBC coated sample. (a) EDS overlaid image with Ni, Cr, and Al. (b) EDS oxygen map of the 
same region. (c) EDS Cr map of the same region. (d) EDS Al map of the same region 
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Figure 8-3 shows that the green phase is rich in oxygen and Cr, but low in Al. It is therefore 
identified as chromia. Similarly, the red layer underneath is recognised as rich in Al but low 
in oxygen. Therefore it is the or  phase as seen in the other regions in the two coating 
layers. 
In the TBC coated as-received sample, the oxide layer was very thin. In contrast, the oxide 
layer in the AR non-TBC coated sample is obvious. In addition, the thin oxide layers in the 
TBC coated samples were identified as alumina with -Cr beneath the oxide layer. However, 
with the non-TBC coated sample, the structure changed into chromia with the or   phase 
forming underneath. Note that at this stage, no alumina was found. 
The quantification of the phases seen in Figure 8-2 is given in Figure 8-4. It should be noted 
that this method was previously explained in Chapter 4. 
 
Figure 8-4 Phase quantification of the AR non-TBC coated sample 
Figure 8-4 shows a chromia oxide layer on top of the outer coating surface. Underneath the 
oxide region is the outer coating layer, which is dominated by the or´ phase. A significant 
number of voids have also been observed. In the middle layer, the coating structure is the  
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matrix with ´ phase up to 0.4. In the substrate, the phases are ´, with a high area 
fraction of ´. 
8.3 Characterisation of isothermally aged samples 
The effect of the TBC was studied more extensively by investigating the samples which were 
isothermally aged at 1000oC. In this section the phase distribution of the isothermally aged 
samples is analysed and compared. The samples were characterised in three groups: short-
term aged (100 h isothermal ageing time), medium-term aged (1000 h isothermal ageing time) 
and long-term aged (10,000 h isothermal ageing time). 
8.3.1 Short-term aged sample (100 h aged) 
Figure 8-5 below shows the combined phase map of 100 h aged sample (short-term aged 
sample). 
Ni   Cr   Al 
Figure 8-5 EDS overlaid map showing different phases in the two coating layers in the short-
term (100 h) aged non-TBC coated sample 
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Note that colour yellow in the combined mapping in Figure 8-5 is due to the relatively high 
concentration of Cr in the  matrix. It should be also noticed that in  or ′ phase, the Cr 
concentration is much lower [117]. Hence Ni is the dominating element, which gives such 
phases colour ‘red’.  
Figure 8-5 shows a multiple phase structure across the coating layers. From the coating 
surface to the substrate, a number of different phases have been observed. 
 
 
 
 
 
 Ni  Cr  Al  O  
Figure 8-6 EDS overlaid image and EDS maps from the outer coating surface of the 100 h 
aged sample. (a) EDS overlaid image with Ni, Cr, and Al. (b) EDS oxygen map of the same 
region. (c) EDS Cr map of the same region. (d) EDS Al map of the same region 
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A thin layer of thermally grown oxide (TGO) is seen at the outer coating surface, as indicated 
on the image. Underneath the oxide layer is a layer of discontinuous  phase. The possible 
identify of this phase is confirmed below from the EDS maps, because it is rich in Al but low 
in O and Cr. Further into the outer NiCrAlY coating layer is a region enriched in -Cr and 
. 
Between the -Cr enriched region and the inner CoNiCrAlY layer, is a stripe of enlarged 
phase particles mixed with oxides. 
The inner CoNiCrAlY layer is mainly a mixture of . On either side of this layer is a thin 
region comprising a  depletion zone. The  depletion zone between the two coating layers is 
notably thinner than the  depletion zone between the coating layer and the substrate. Oxides 
and voids are mixed in the coating/substrate interface. 
Compared with AR TBC coated samples, the following changes have been observed from 
Figure 8-6.  
Firstly, the outer oxide thickness is greater in the non TBC coated sample. The discontinuity 
of this chromia layer is believed to be due to spallation, which may indicate the function of 
TBC in retaining the protective oxide. In addition, the formation of chromia indicates that 
without the TBC protective coating, the oxide formed initially is chromia instead of alumina. 
Hence the dual-layered coating without a TBC is believed to have good corrosion resistance 
[10, 11, 118, 119]. In addition, underneath the oxide layer is a discontinuous layer of  phase, 
as previously seen in the AR sample.  
Secondly, the formation of a distinct -Cr rich region after 100 h has also been detected. -
Cr phase appears to be coarsened in this region. This coarsening behaviour of the -Cr phase 
was also seen previously in the TBC coated short-term aged sample. In addition,  depletion 
occurs in the 100 h aged sample. The quantitative comparison of the -Cr phase and the  
phase between the TBC coated and non-TBC coated samples is discussed in the Section 8.4.3.  
Thirdly, most of the voids in the AR sample are filled with oxides. Only a very small number 
of voids could be seen in the thermally aged sample, even when the ageing time is as short as 
100 h. This may be a sample preparation artefact. These voids were filled with specimen 
materials induced from grinding and polishing processes.  
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8.3.2 Medium-term aged sample (1000 h aged) 
After isothermal ageing at 1000oC for 1000 h, the microstructure of the non-TBC coated 
sample evolves into the configuration shown below in Figure 8-7. 
 Ni   Cr   Al 
Figure 8-7 EDS overlaid map showing different phases in the two coating layers in the 
medium-term (1000 h) aged non-TBC coated sample 
Figure 8-7 shows a dual-layered oxide structure in the outer layer, an -Cr rich zone near the 
outer coating surface, mixed with or possibly´. By comparing Figure 8.6 with Figure 8.4, 
it is seen that the number of -Cr, ´ phase particles reduces and the average particle size 
increases (coarsening) with prolonged isothermal ageing time, compared with the AR and 
100 h aged sample. 
The effect of the isothermal ageing process on the evolution of -Cr and  phase was 
discussed in the previous chapter with the TBC coated sample. The coarsening of these 
phases was also observed with the non-TBC coated sample. The oxide thickness increases 
notably between the 100 h aged sample and 1000 h of ageing. However, the coating/coating 
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interface does not show the same clear  depletion zone as the TBC coated sample. In 
addition, it is observed that at the inner coating/coating interface, the Al rich phase (´) 
forms along the oxide regions (blue regions), which are highlighted in Figure 8-7. Cr rich 
phases are also clearly seen in the substrate [120]. 
In addition, one feature that has not been established in the previous chapters is the formation 
of dual-layered oxides. The oxide observed in Figure 8-7 contains an outer Cr-rich region and 
an inner Al rich region. 
 
 
 
 
 Ni  Cr  Al  O  
Figure 8-8 EDS overlaid image and EDS maps from the outer coating surface of the 1000 h 
aged sample. (a) EDS overlaid image with Ni, Cr, and Al. (b) EDS oxygen map of the same 
region. (c) EDS Cr map of the same region. (d) EDS Al map of the same region 
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Figure 8-8 shows that the green regions in the 1000 h aged sample are rich in Cr and oxygen. 
These regions are therefore identified as chromia. Similarly, the blue region in Figure 8-8 (a) 
is rich in Al and oxygen, which together forms alumina. 
The dual-layered oxide can be important because chromia was claimed to be effective in 
providing corrosion resistance [11]. Alumina has been established to be effective in providing 
both oxidation [74] and corrosion resistance [22]. 
8.3.3 Long-term aged sample (10,000 h aged) 
After 10,000 h, as shown in Figure 8-9, only a thin band of ´ and very few -Cr particles 
remain. The outer surface shows no sign of an oxide layer. The internal oxide in the outer 
coating layer shows even more severe coarsening.  depletion in the inner layer has 
completed. An extended  depletion zone is observed into the substrate, where a number of 
coarsened Cr rich phases are detected. 
 
Figure 8-9 EDS overlaid map showing different phases in the two coating layers in the 
medium-term (10,000 h) aged non-TBC coated sample 
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Observations from Figure 8-9 indicate that after 10,000 h, the depletion of  phase and -Cr 
phase has almost completed, and the spallation of the protective oxide occured. Considering 
that the protection of the non-TBC coated sample mainly comes from the oxide scale, 
complete depletion of  and -Cr, together with total loss of oxide layer may indicate that the 
useful service life of the non-TBC coated dual-layered MCrAlY coating is approximately 
10,000 h. 
The loss of oxide is further confirmed in Figure 8-10. 
 
 
 
 
 Ni  Cr  Al  O  
Figure 8-10 EDS overlaid image and EDS maps from the outer coating surface of the 10,000 
h aged sample. (a) EDS overlaid image with Ni, Cr, and Al. (b) EDS oxygen map of the same 
region. (c) EDS Cr map of the same region. (d) EDS Al map of the same region 
Figure 8-10 confirms that after 10,000 h of isothermal ageing, ´and Cr depletion is 
completed, and spallation of oxide occurs. 
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8.4 Effect of TBC on phase evolution 
Based on the observations in the previous section (Section 8.3) and the TBC coated samples 
analysed in the previous chapter (Chapter 7), the effect of TBC on the short-term aged sample, 
medium-term aged sample and long-term aged sample is discussed in this section. 
8.4.3 Effect of TBC on the short-term aged sample 
The phase reconstruction of the short term aged sample (Figure 8-5) is given in Figure 8-11.  
Figure 8-11 Phase reconstruction of the short-term (100 h) aged sample 
Figure 8-11 shows that the outer NiCrAlY layer contains an area fraction of approximately 
0.5 of the  matrix. Two ´ peaks are observed; one at the outer coating surface and one at 
the coating/coating interface. The peak value of the ´ phase is close to 0.5. However, the 
value of the same phase in the middle of the outer layer can reach as low as 0.2. By contrast, 
-Cr phase is rich in the middle of the outer layer and drops to 0 towards the coating/coating 
interface. The peak value of -Cr phase is close to 0.2. In addition, a small number of voids 
and oxides are also seen in the outer layer.  
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The inner CoNiCrAlY layer contains approximately 0.8  and 0.2 . The  depletion zone is 
between 10 – 20 m thick. Up to an area fraction of 0.1 voids and 0.1 oxides are seen at the 
coating/substrate interface, after which the structure changes into the typical ´ phases. 
Compared with Figure 7-6 (b) which is the phase reconstruction of the TBC coated 100 h 
aged sample, the sample without a TBC layer shows a distinct chromia layer. The layer 
thickness comparison will be further discussed later in this chapter (Section 8.5.1). In 
addition, quantitative comparison of the different phases is given below. 
Figure 8-12 Comparison of ´ distribution between the TBC coated sample (red line) and 
non-TBC coated sample (black line) with 100 h isothermal ageing at 1000oC 
Figure 8-12 shows the amount and distribution of ´ phase in TBC and non-TBC coated 
samples. In the inner CoNiCrAlY layer, the ´ level between the TBC coated and non-TBC 
coated sample is similar. However, in the outer NiCrAlY layer, after 100 h isothermal ageing 
at 1000oC, the samples without a TBC layer appear to have more ´ phase especially 
towards the outer coating surface and coating/coating interface.  
The ´ peak at the outer coating surface of the non-TBC coated sample completely 
disappears in the TBC coated sample. Similarly, a notable difference in the ´ level 
between the two samples is seen at the coating/coating interface. 
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The difference of the ´ level between the TBC coated and non-TBC coated sample can be 
explained by the different oxide formed in these two groups of samples. 
The previous chapter showed that pure alumina formed on the TBC coated sample after 100 h 
at 1000oC. However, without a TBC layer, in the same thermal condition, pure chromia was 
observed. The formation of alumina consumes Al which reduces the stability of the Al rich 
phase ´ [117], whereas the formation of chromia needs Cr from -Cr [11]. Hence the 
consumption of the Al rich phases ´ is faster with the TBC coated sample than the non-
TBC coated samples. This assumption is backed up by the comparison of -Cr phase 
between the two groups of samples, as shown below. 
Figure 8-13 Comparison of Cr distribution between the TBC coated sample (red line) and 
non-TBC coated sample (black line) with 100 h isothermal ageing at 1000oC 
Figure 8-13 shows that, compared with the samples without a TBC layer, the TBC coated 
sample displays a distinct -Cr layer near the outer coating surface. This is because chromia, 
which consumes -Cr phase, only forms on the non-TBC coated sample, not the TBC coated 
sample.  
It has already claimed that chromium containing oxides can form at the early stages of 
MCrAlY coating oxidation [121]. The formation of continuous alumina reduces the growth 
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rate of chromia. However, in the case of partially alumina spallation, chromia formation will 
be more likely to occur [121].  
It is therefore clear that, only from the aspects of the coating structure, in the TBC coated 
sample, due to the constraint provided by the ceramic top coat, the formation of alumina is 
continuous and hence chromia formation is suppressed. However, without the TBC layer, on 
the locations where alumina breaks away, chromia formation is more likely to occurs. Next 
alumina formation occurs again on these locations, so the chromia growth rate is reduced. 
Hence the equilibrium state of this process is the formation of a dual-layered oxide. 
8.4.4 Effect of TBC on the medium-term aged sample 
The phase reconstruction of the medium-term aged sample (Figure 8-7) is given in        
Figure 8-14.  
Figure 8-14 Phase reconstruction of the medium-term (1000 h) aged sample 
Figure 8-14 shows that outside the coating surface are two seperate layers of oxides, chromia 
and alumina, with the highest amount very similar to each other. 
Underneath the oxide layer is the NiCrAlY layer which consists of , or ´, -Cr and 
internal oxides. The  matrix level is stable at an area fraction of 0.4. The amount of ´ is 
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close to 0.4 at the middle of the NiCrAlY coating, before it drops slightly towards the 
interface between the two coatings. A -Cr peak is seen just beneath the oxide layers, after 
which the -Cr level moves from 0.15 to 0.20. The internal oxide level varies from 0 to 0.1, 
with the peak value observed at the coating/coating interface. 
In the middle CoNiCrAlY layer,  and ´ levels are stable at 0.8 and 0.2 respectively, 
before the  depletion zone appears. The  depletion zone is ~ 40 m into the inner coating 
layer and ~10 m into the substrate. At the coating/substrate interface, a thin band of internal 
oxide with a peak value of approximately 0.2 is detected.  
The quantitative comparison between the non-TBC coated sample and the TBC coated 
sample of ´ and -Cr phase is given in Figure 8-15.  
Figure 8-15 Comparison of ´ distribution between the TBC coated sample (red line) and 
non-TBC coated sample (black line) with 1000 h isothermal ageing at 1000oC 
Figure 8-15 shows a similar trend of ´  phase in the middle CoNiCrAlY layer, as 
previously observed in the 100 h aged sample. By contrast, in the outer NiCrAlY layer, the 
amount of ´ phase in the TBC coated sample is rich in the layer middle of the layer but 
low at the outer surface, whereas the same phase in the non-TBC coated sample is rich 
towards the outer surface but lower in the middle region.  
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In addition,  depletion is more severe with the TBC coated sample, compared with the non-
TBC coated sample. Therefore the total width of the  region is smaller with the TBC coated 
samples. The difference in the ´ observed is believed to be because of the formation of 
different oxides as described earlier with the 100 h aged sample. 
The comparison of -Cr phase between the two sets of samples is given in Figure 8-16. 
 
Figure 8-16 Comparison of Cr distribution between the TBC coated sample (red line) and 
non-TBC coated sample (black line) with 1000 h isothermal ageing at 1000oC 
No obvious difference in the -Cr phase between the TBC and non-TBC coated sample is 
observed from Figure 8-16.  
This arguably indicates that the consumption and formation of -Cr phase in the 1000 h aged 
non-TBC coated sample has reached an equilibrium state. Based on Figure 8-16, it is 
suspected during the initial stage of isothermal ageing condition, the maximum amount of the 
-Cr formed in the outer Cr enriched layer of the non-TBC coated sample. However, it is 
possible that there is still Cr in this layer which cannot form -Cr because it is saturated. This 
is the first equilibrium state (Equilibrium 1). At elevated temperature, -Cr phase is possibly 
then consumed to form chromia at the same time, Cr in the outer layer forms -Cr (-Cr 
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regeneration). However, -Cr consumption rate is faster than the regeneration rate. Therefore, 
based on this possible explanation, compared with TBC coated sample where -Cr level 
keeps at the saturated level, non-TBC coated sample shows lower level of -Cr at the initial 
state of oxidation.  
In addition, addition speculation is that with extended oxidation time, when chromia level 
stables, -Cr phase in the outer layer becomes saturated again, which is the second 
equilibrium state (Equilibrium 2). At this stage, both the TBC coated and non-TBC coated 
samples have the saturated level of -Cr. Therefore the -Cr level is the same in both 
systems. 
8.4.5 Effect of TBC on long-term ageing 
After relatively long-term ageing of 10,000 h, the microstructure of non-TBC coated sample 
evolved into the microstructure shown in Figure 8-17. 
Figure 8-17 Phase reconstruction of the long-term (10,000 h) aged sample 
Figure 8-17 shows that after 10,000 h of isothermal ageing at 1000oC,  matrix phase is the 
dominating phase across the coating. 
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It is also revealed from Figure 8-17 that a notable number of voids also start to reappear 
towards the coating surface. A small amount of ´ is seen in the middle of the outer coating 
layer, together with an oxide peak observed at the coating/substrate interface. 
The comparison of ´ phase and -Cr phase is given in Figure 8-18 and Figure 8-19. 
Figure 8-18 Comparison of ´ distribution between the TBC coated sample (red line) and 
non-TBC coated sample (black line) with 10,000 h isothermal ageing at 1000oC 
Figure 8-18 shows that both TBC coated and non-TBC coated long term aged sample have 
small amount of ´ left after 10,000 h. However, the ´ remained in the TBC coated 
sample localised near the coating/coating interface, whereas the same phase in the non-TBC 
coated sample tends to concentrate in the middle of the outer layer. 
Figure 8-19 shows that after 10,000 h almost all of the -Cr phase disappears in the non-TBC 
coated samples. However, an area fraction of up to 0.2 of -Cr can still be observed at certain 
places in the TBC coated sample. 
This is due to the formation of chromia in the non-TBC coated samples which consumes the 
-Cr phase. Therefore after a long ageing time, only limited amount of -Cr phase remains. 
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Figure 8-19 Comparison of Cr distribution between the TBC coated sample (red line) and 
non-TBC coated sample (black line) after 10,000 h isothermal ageing at 1000oC 
8.5 Effect of TBC on oxide thickness 
The previous figures show certain differences in the oxide layers between the TBC coated 
and non-TBC coated samples. In this section, the oxide layer thickness has been measured 
and compared between the TBC coated and non-TBC coated samples. Cold mounting was 
used for the non-TBC coated samples to ensure retention of the oxide layer during specimen 
preparation. 
It was noticed that at 10,000 h, spallation of TBC/oxide occurred on both groups of samples. 
Therefore the actual comparison was based on samples with an isothermal ageing time up to 
5000 h. 
8.5.1 Comparison of oxide thickness at high temperature (1000oC) 
The images from Figure 8-20 clearly show the oxide regions. It was observed that the oxide 
thickness increases with ageing time in both TBC coated and non-TBC coated samples, 
which has measured in Figure 8-21 using the ‘equivalent thickness method’ described in 
Chapter 4, over a significant number of measurements. 
0 100 200 300
0.00
0.05
0.10
0.15
0.20
0.25  -Cr-Non-TBC-10000h
 -Cr-TBC-10000h
A
m
ou
nt
 o
f p
ha
se
s
Depth (m)
A
re
a 
fr
ac
tio
n 
of
 p
ha
se
s 
158 
 
Figure 8-20 Comparison of oxide thickness between the TBC coated sample (left column) and 
non-TBC coated sample (right column), with different isothermal ageing time at 1000oC: (a) 
and (b) 100 h; (c) and (d) 1000 h; (e) and (f) 10,000 h. All the images were taken using BSE 
imaging with the same magnification, as shown on the bottom 
It is also seen that the oxide layer in the TBC coated samples are dense and attached to the 
substrate. However, detachment and breakaway of oxide layers occurred with the non-TBC 
coated samples, as seen in Figure 8-20 (d) and (f).  
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In addition, it was observed that the oxide formed in the TBC coated samples is thicker than 
the non-TBC coated samples. The measurement of the oxide thickness is given in Figure 8-21. 
 
 
Figure 8-21 Comparison of oxide thickness between the TBC coated sample (black line) and 
non-TBC coated sample (red line) at 1000oC 
Figure 8-21 shows that the TBC coated sample provides a thicker oxide compared with the 
samples without a TBC layer at 1000oC. It is also seen that this difference increases with time. 
After 5000 h, the oxide layer thickness measured from the TBC coated samples varies 
between 6 m to 8 m. In comparison, the samples without the TBC layer grows an oxide 
layer of about 3 – 5 m in thickness.  
The difference of the oxide thickness between the TBC coated and non-TBC coated samples 
is due to many reasons, which is discussed extensively in the next section. One possible 
explanation is that oxidation spallation occurred with the non-TBC coated sample, which 
means the oxide formed on the non TBC coated samples spalled periodically with ageing 
time. If this hypothesis is correct, the oxide measured from the non-TBC coated samples has 
already experienced several cycles of formation-spallation-reformation. This assumption also 
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gives rise to the fact that the oxide thickness of non-TBC coated sample remains the almost 
same after 2000 h and does not exhibit further growth. 
 
 
Figure 8-22 Comparison of the oxide thickness between the TBC coated sample (left column) 
and non-TBC coated sample (right column), with different isothermal ageing time at 880oC: 
(a) and (b) 100 h; (d) and (d) 1000 h; (e) and (f) 10,000 h. All the images were taken using 
BSE imaging with the same magnification, as shown on the bottom 
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Note that for the TBC coated samples, spallation of oxide will lead to the spallation of TBC, 
which is not observed up to 5000 h of isothermal ageing. In addition, the oxide measurement 
of the non-TBC coated samples includes both alumina and chromia.  
8.5.2 Effect of TBC at low temperature (880oC) 
Similar to previously shown in Figure 8-20, the oxide regions of both TBC coated and non-
TBC coated samples are shown below in Figure 8-22. 
Figure 8-22 shows oxide growth with time. The TBC coated samples show a more 
homogeneous oxide layer, compared with the non-TBC coated sample, which exhibits a 
variable oxide thickness. 
The oxide thickness measurements are presented in Figure 8-23. 
 
 
Figure 8-23 Comparison of oxide thickness between the TBC coated sample (black line) and 
non-TBC coated sample (red line) at 880oC 
Figure 8-23 shows that under the low temperature regime, the oxide thicknesses of the TBC 
coated and non-TBC coated samples are similar.  
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This observation can also be explained by the periodical oxidation mechanism mentioned 
previously. At relatively low temperature, the oxide growth rate is relatively slow. Therefore 
no oxidation spallation occurred. Hence the oxide thickness is nearly the same between TBC 
coated and non-TBC coated sample. 
8.5.3 Identification of particles within oxide 
Figure 8-20 and Figure 8-22 show particles with a bright contrast in the oxide layer. TEM 
samples were therefore prepared from the oxide layer in the samples aged at 1000oC for   
1000 h, in order to identify these particles. The results are shown below. 
 
Figure 8-24 TEM image showing the precipitates in the TGO in a TBC coated sample aged 
for 1000 h at 1000oC 
Figure 8-24 shows a relatively large number of precipitates present in the alumina grains, as 
circled in Figure 8-24. It was also noticed that certain grains have a high concentration of 
particles and some other grains do not appear to have precipitates present.  
This was previously discussed in [122], in which it was claimed that precipitates tend to 
segregate into equiaxed grains rather than columnar grains [122]. These particles were further 
analysed using TECNAI TEM EDS mapping (Figure 8-26). The results show that the 
majority of the precipitates are Y rich. However, precipitates rich in Zr were also observed. In 
addition, unlike reported in [11] no Ti rich precipitates are noted in this case.  
 
 
163 
Figure 8-25 TEM HAADF image showing the precipitates in the TGO of a TBC coated 
sample aged for 1000 h at 1000oC 
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Figure 8-26 TEM sample aged for 1000h at 1000oC showing EDS chemical distribution maps 
of Al, O, Ti, Cr, Zr and Y 
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The Y rich particles should belong to three groups of compounds, namingly, YAG 
(Y3Al5O12), YAP (YAlO3) and YAM (Y4Al2O9) [123, 124]. In addition, Ti has been 
previously observed referenced to segregate into the bond coating/TGO interface [121]. 
However, the target of the identification process is to determine whether the particles are the 
same as previously reported in the literature, because the dual-layered coating itself is a novel 
system.  
Furthermore, trace amounts of Cr and Zr have also been observed in the TGO region. This 
may indicate the TGO is mixed with small amount of chromia and zirconia. 
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8.6 Discussion on effect of TBC on oxide thickness 
In this chapter, an important finding is that the samples without a layer of TBC show reduced 
oxide thickness under high temperature exposure at 1000oC. However, this finding conflicts 
with other observations [115]. It is necessary to understand the fundamental factors that 
influence the oxide growth rate with and without a TBC layer, which is in detail discussed in 
this section.  
 
Figure 8-27 Oxide thickness measurements values summarised from [115] 
Figure 8-27 shows that at 850oC, 900oC, 950oC, oxides were found to be thicker for samples 
without a TBC layer [115]. The samples without a TBC layer exhibit abnormal oxide growth. 
For example, after 4000 h, a higher temperature produces a thinner oxide. In addition, at 
950oC, increasing isothermal ageing time leads to a decrease in oxide thickness. However, 
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this research and that presented in [125] found that at 1000oC, the samples with a TBC layer 
show a reverse tendency (Figure 8-28). 
Figure 8-28 Oxide thickness measurements on the dual-layered MCrAlY coated sample and 
designed sample at 1000oC 
Figure 8-28 shows that in both cases, the oxide is thinner in samples without a TBC layer 
than TBC coated samples. 
In addition, it is also shown in Figure 8-21 that at low temperature (880oC), little difference 
was observed between the TBC coated and non-TBC coated samples (Figure 8-21). 
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8.6.1 The experimental parameter differences 
The discrepancy between the previous work [115] and current work is possibly associated 
with experimental parameters, which are summarised below in Table 8-2.  
Table 8-2 Experimental parameters compared between three sets of samples 
Experimental 
parameters 
[115, 124] Current project [124] 
Isothermal ageing 
temperature 
850oC, 900oC, 950oC 1000oC 
Isothermal ageing 
time 
2000 – 12000 h 1 – 5000 h  3000 h 
Coating 
composition 
Amdry 995 Amdry 964 on 
Amdry 995 
Designed 
Coating thickness 50 m 300 m 220 m 
Deposition methods HVOF  HVOF on both layers HVOF  
Pre-service heat 
treatment 
1080oC for 4h 
(vacuum) 
1120oC for 2h, 845 
for 24h, both in 
vacuum 
1100oC for 1, in 
vacuum 
Structure of TBC APS applied, 250 m 8 wt% Y stabilised Zirconia 
Table 8-2 shows that the discrepancy may be caused by the isothermal ageing 
temperature/time, coating composition, coating thickness, deposition methods, pre-service 
heat treatment and structure of TBC. Each of these parameters is discussed briefly in the 
following sections.  
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8.6.2 Influence of the isothermal ageing temperature and time 
The isothermal ageing temperature is higher with the current work than [125], it was claimed 
that at high temperature, breakaway oxidation is more likely to occur [26, 126]. In addition, 
in the 950oC long term aged sample, it is suspected that breakaway oxidation also took place. 
It is interesting to note that there was a reverse of oxide thickness against ageing temperature 
on the three samples presented in [115]. 
It has been claimed that at 1200oC, a protective alumina layer develops on APS NiCrAlY 
during the early isothermally ageing stages, but breakaway oxidation occurs after prolonged 
exposure [26, 126]. 
 
Figure 8-29 Comparison of oxidation kinetics at 1100oC of the HVOF and detonation-
sprayed DS bondcoats with and without the DS ceramic topcoats, reproduced from [126]  
It should be noted that ‘DS’ refers to the Detonation gun basically consists of a long water 
cooled barrel with inlet valves for gases and powder. Oxygen and fuel (acetylene most 
common) is fed into the barrel along with a charge of powder. A spark is used to ignite the 
gas mixture and the resulting detonation heats and accelerates the powder to supersonic 
velocity down the barrel. A pulse of nitrogen is used to purge the barrel after each detonation. 
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This process is repeated many times a second. The high kinetic energy of the hot powder 
particles on impact with the substrate results in a buildup of very dense and strong coatings 
[126]. 
Figure 8-29 shows a comparison of oxidation kinetics between the HVOF and the detonation-
sprayed bondcoats with or without the DS topcoats. The oxidation rate of the samples without 
a TBC system at 1100oC is lower than that of the corresponding TBC coated samples in both 
cases.  
8.6.3  Influence of the coating compositions 
Oxide thickness is also associated with the coating composition. Figure 8-30 shows that with 
long term isothermal ageing, at the same temperature, oxide thickness can differ significantly, 
with the possibility of spallation.  
It should be noted that the data in Figure 8-30 were collected from [122]. These works were 
from the same SUPERGEN project, as explained in the introduction section.  
 
Figure 8-30 Oxide thickness comparisons at 940oC between different bond coatings with TBC 
top coat, summarised and reproduced from [122]  
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8.6.4 Influence of the coating thickness 
The bond coat thickness can also influence the oxide thickness on TBC coated MCrAlY 
samples. Figure 8-31 shows that with a TBC layer, the oxide thickness increases with thicker 
bond coatings. It is also noticed that such difference decreases with increasing isothermal 
ageing temperature. Note that the oxidation model was described in Chapter 2. 
 
 
Figure 8-31 Comparison of Amdry 995 with different thickness, 50 m and 250 m, at three 
different temperatures, 850oC, 900oC and 950oC, values summarised from [115] 
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8.6.5 Influence of the deposition methodologies of the bond coating 
Research works shown in Figure 8-32 [127] and Figure 8-33 [128] compared the oxide 
growth rate (through weight gain) of the same MCrAlY systems (in each work) but using two 
different deposition methodologies: HVOF and VPS. It has been observed that in both cases, 
the parabolic rate constant of oxidation produced by HVOF is smaller in comparison to the 
VPS.  
However, in this project, all three coatings examined were deposited using HVOF. Unless 
there were major differences between different HVOF deposition settings, it is unlikely that 
the deposition methodology of the bond coating is responsible for the difference observed. 
Therefore, different deposition methodologies were demonstrated to be able to influence the 
MCrAlY oxidation rate. However, it is not likely to be account for the oxide thickness 
difference observed in this project between TBC coated and non-TBC coated samples.  
Figure 8-32 Square of the mass gain for VPS and HVOF NiCoCrAlYRe coatings oxidised at 
1050°C for 330 h [126] 
172 
 
Figure 8-33 Oxidation behaviour of thermal sprayed MCrAlY coatings in synthetic air at 
1050°C [128] 
8.6.6 Influence of the pre-service heat treatment 
In addition, it is also seen that the pre-service heat treatment (PHT) between the three groups 
of samples are different in Table 2. The oxide thickness is also influenced by the PHT [25, 
129]. For example, Figure 8-34 shows that for EB-PVD NiCoCrAlY bond coat, the samples 
with 4 h vacuum heat treatment at 1050oC show improved isothermal oxidation properties. 
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Figure 8-34 Isothermal oxidation kinetics of substrate, type A and type B specimens. Type A: 
shot-peening + isothermal oxidation. Type B: shot-peening + pre-oxidation heat treatment 
for 4 h at 1050oC in vacuum, reproduced from [128] 
8.6.7 Influence of the TBC structure 
It is also reported that the structure of the TBC [100] can influence the oxide growth rate. 
However, all the three groups of samples were using the same TBC material and same 
deposition methodologies. 
8.7 Summary for Chapter 8 
In this chapter, the effect of thermal barrier coating (TBC) top layer was discussed. Samples 
with and without a TBC layer were characterised and compared. It has been established that 
TBC layer helps to retain a single alumina scale. Without TBC, the measured scale thickness 
is smaller than with a TBC, and a mix of chromia and alumina scale was found. 
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9. CHAPTER 9  
CHARACTERISATION OF MULTI-LAYERED BOND COATINGS 
WITH AN APS KEYCOAT 
9.1 Introduction 
The term ‘keycoat’ is used to describe a thin layer of MCrAlY (or any other) bond coat applied 
to provide better adhesion between the TBC top coating and the inner MCrAlY layer. The 
presence of a keycoat was first mentioned in the experimental methodology chapter (Chapter 3). 
In essence, the keycoat layer used in this research is an APS sprayed NiCrAlY with the same 
chemical composition as the outer layer in the dual-layered coating system. By adding the 
keycoat layer to the system, the coating structure is changed into a three-layered construction, 
and in this case the outer layer is then applied using air plasma spraying (APS) rather than the 
high velocity oxy fuel (HVOF) method used to deposit the rest of the coating layers.  
In this chapter, the effect of this keycoat on the coating performance is discussed. 
9.2 Characterisation of the as-received (AR) sample with a keycoat layer 
Figure 9-1 gives an overview of the AR keycoat sample and reveals the three-layered bond coat 
structure. The NiCrAlY layer and CoNiCrAlY layer have similar features as expected and as 
described before in Chapter 7: Effect of isothermal ageing, and Chapter 8: Effect of TBC on 
bond coating layers. 
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Figure 9-1 Overview of the AR sample with a key coat layer. At the left hand side of the image 
(top of the coating), T is the TBC layer, K is the keycoat layer and S is the substrate 
 
The APS keycoat layer can be distinguished by its unique appearance of a ‘lamellar structure’, as 
shown in Figure 9-2. Figure 9-2 shows a clear difference between the APS keycoat layer and the 
HVOF dual-layered bond coating layer, even though the two layers in Figure 9-2 are made from 
the same NiCrAlY coating powders. In the keycoat layer, the oxides or voids, which appear 
black in Figure 9-2, inter link to form a layer-like structure (lamellar structure). Such structure is 
not seen in the adjacent HVOF NiCrAlY layer. 
 
 
 
   
T K NiCrAlY CoNiCrAlY S 
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 176 
 
Figure 9-2 BSE image showing the lamellar structure in the APS keycoat layer 
 
This different microstructure of MCrAlY type coating observed between APS and HVOF has 
been commonly established in the literature [85, 102, 130, 131]. The lamellar structure seen in in 
the keycoat in Figure 9-2 is formed of ‘splats’ [132] which are produced during the deposition 
process. When the coating powders are introduced into the plasma jet [133], where the 
temperature could reach as high as 14,000oC [3], the material is fully melted before being 
propelled to the targeted substrate. The droplets quickly flatten and solidify to form a coating 
layer. During the solidification process, the volume of the melted droplets decreases, and because 
the droplets are flattened, the formation of a lamellar structure occurs [3].  
  
T Keycoat NiCrAlY 
Lamellar structure 
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In comparison, in the HVOF coating deposition process, a mixture of gaseous or liquid fuel and 
oxygen is ignited in a combustion chamber and the hot gas goes through a barrel at a pressure 
close to 1 MPa [7]. The coating powders are injected into the gas stream. However, the 
temperature of HVOF is not as high as those experienced during APS, resulting in partial melting 
of the coating powders. The volume of the partially melted coating powder is not greatly 
different from the final coating products, therefore the resulting coating has a fine structure and 
low porosity [7]. In addition, due to the high travel speed of the coating powders, high bond 
strength can be achieved with HVOF. The phase distribution of the AR sample is given in Figure 
9-3. 
 
Ni   Cr   Al 
Figure 9-3 EDS layered image showing the phase distribution in the AR keycoat sample 
Figure 9-3 shows that the outer keycoat consists of mainly a  matrix with internal oxide with 
small amount of -Cr phase. The NiCrAlY layer contains a mixture of -Cr and ´, with a 
  ′
 Cr
 keycoat region
NiCrAlY K T CoNiCrAlY S 
 50 m 
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reduced amount of oxide/voids, compared to the keycoat. The CoNiCrAlY layer comprises 
mainly  with  matrix, with notable number of voids. The substrate is a mixture of ´, as 
discussed earlier in Chapter 8. 
9.3 Isothermal ageing effect 
The characterisation of the isothermally aged keycoat samples is discussed in this section. Three 
sets of samples aged at 1000oC have been selected: short-term aged (100 h), medium-term aged 
(1000 h) and long-term aged (10,000 h).  
9.3.1 Short-term (100 h) aged sample 
The 100 h short-term aged sample is shown in Figure 9-4, which shows that after 100 h, the area 
fraction of internal oxide in the keycoat layer increases compared with the AR sample. The 
amount of -Cr decreased dramatically in the keycoat/NiCrAlY layer. However, it is also 
noticed that the microstructure in the inner layer is relatively stable up to 100 h at 1000oC. The 
number of voids in the CoNiCrAlY layer is also seen to be reduced notably compared to the as-
received sample. 
An important finding in the keycoat sample is the width of the  depletion zone. In the previous 
chapter (Chapter 8 – Effect of TBC), the outer  depletion zone is relatively stable as a thin band 
whereas the inner  depletion rate is dramatically quicker. In the keycoat layer of the AR 
samples, only a few  phase particles are seen in the AR sample. After 100 h isothermal ageing 
at 1000oC, the  phase is completely depleted from the outer   ~ 80 m of the bond coating layer. 
In comparison, the  depletion behaviour between the bond coating and the substrate is not very 
significant.  
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Ni   Cr   Al 
Figure 9-4 EDS layered image showing the phase distribution of samples aged at 1000oC for 
100 h 
 
A possible explanation for the enlarged  depletion zone between the bond coating and the TBC 
layer is the formation of internal oxide. Under this theory, oxygen is transported through the 
TBC layer and the inter-linked cracks in the top APS keycoat region. At elevated temperatures, 
this induced oxygen is in contact with Al diffused from the surrounding  phase, hence the 
formation of alumina within the voids occurs. A schematic diagram is given below in Figure 9.5 
to show the formation of internal oxide through the consumption of  phase. 
 Internal oxide
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depletion zone 
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Figure 9-5 Schematic diagram illustrating the formation of internal oxide through oxygen and Al 
diffusion: (a) Initial APS keycoat schematic with cracks and  phase present and (b) formation 
of internal oxide after isothermal ageing. PHT: pre-service heat treatment 
Figure 9-5 gives a schematic representation of the internal oxide formation. It is suspected that 
after pre-service heat treatment (1120oC for 2 h and 845oC for 24 h), the  phase in the keycoat 
layer is completely depleted to form internal oxides. With isothermal ageing at high temperature, 
the  phase from the inner bond coating further depletes so that continuous formation of internal 
oxide in the keycoat layer occurs. It is also suspected that during the oxidation process, the 
adjacent cracks/oxides propagate and form a larger region of oxide, as seen experimentally in 
Figure 9-4. Using this hypothesis, in the APS keycoat layer, the oxide formation is linked with 
the increased  depletion zone. The width of the outer  depletion was measured at  
82.7 ± 6.7 m and that of the inner  depletion zone is measured at 28.3±4.0 m. 
9.3.2 Medium-term aged (1000 h) aged sample 
With increased isothermal ageing, the microstructure of the APS keycoat sample aged at 1000oC 
for 1000 h shown in Figure 9-6 is produced. 
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Ni   Cr   Al 
Figure 9-6 EDS layered image showing the phase distribution of samples aged at 1000oC for 
1000 h 
 
After 1000 h, the internal oxidation in the APS keycoat layer becomes more severe. A thin layer 
of an alumina TGO can also be seen between the bond coating and the TBC layer. Discontinuous 
oxide spots are also seen in the NiCrAlY layer and at the NiCrAlY/CoNiCrAlY interface.  
depletion occurs at both the outer region of the bond coating and the inner region between the 
bond coating and the substrate. The width of the outer  depletion zone remains stable at  
83.7 ± 7.6 m, compared with the 100 h aged sample. However, the inner  depletion width 
grows dramatically to 88.0 ± 5.8 m.  
In addition, coarsening of the  phase is seen both in the NiCrAlY layer and CoNiCrAlY layer. 
In the CoNiCrAlY layer, the unit area density of  phase ‘particles’ drops dramatically. 
Furthermore, -Cr phase coarsens notably in the keycoat layer, at the cost of the same phase in 
 50 m 
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the NiCrAlY layer. The width of the -Cr phase containing area reduces slightly from 100 h to 
1000 h of isothermal ageing at 1000oC. 
The increase of oxide area can be explained by the theory proposed in Figure 9-5. By forming 
internal alumina, Al migrates from the  phase into the oxide region. Therefore, with Al 
continuously diffusing into the oxide region, the  depletion zone between the bond coating and 
the substrate increases dramatically, as seen through comparison of Figure 9-4 and Figure 9-6.  
9.3.3 Long-term aged (10,000 h) aged sample 
The phase structure of the 10000 h aged sample is given in Figure 9.7. 
The first thing to notice in Figure 9-7 is the complete depletion of  phase and the presence of an 
inter-connected internal oxide region in the keycoat area. In the NiCrAlY layer, the internal 
oxide ‘spots’ seen previously in the 1000 h aged sample have coarsened, which means the total 
number of such ‘spots’ is reduced.  
In addition, the -Cr phase is found to be embedded inside the keycoat internal oxide region and 
the ‘particle’ size of -Cr has increased significantly from the 1000 h aged sample. However, the 
-Cr phase previously observed in the NiCrAlY region has disappeared completely. 
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Ni   Cr   Al 
Figure 9-7 EDS layered image showing the phase distribution of samples aged at 1000oC for 
10,000 h 
Amongst the three sets of samples: TBC coated dual-layered MCrAlY sample, non-TBC coated 
dual-layered MCrAlY sample and TBC coated keycoat sample, at 1000oC, only the samples with 
a keycoat show a complete  depletion after 10,000 h. This is believed to be because oxidation 
occurs at multiple locations in the keycoat region. The parallel oxidation process contributes to 
the consumption of Al and hence the  depletion behaviour. The single and multiple oxidation 
processes are explained using schematic diagrams in Figure 9-8. 
 50, m 
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Figure 9-8 Schematic diagram showing the single oxidation mode and parallel oxidation mode 
Figure 9-8 shows that under the single oxidation mode, the TGO layer is the main oxide. The 
internal oxide is negligible. Al diffusion out of the phase into the TGO layer is limited by the 
interfacial area between the TGO and the bond coating. In comparison, under the parallel 
oxidation mode, the interfacial area has increased dramatically as shown in Figure 9-8. Therefore, 
it could be considered that multiple oxidation processes occur simultaneously Hence the  
consumption rate is increased according to the contact area between the oxide and the bond 
coating. 
However, the keycoat sample retains the highest amount of -Cr phase after 10000 h of 
isothermal ageing at 1000oC, among the three sets of samples.  
9.4 Effect of the keycoat layer on  phase depletion 
In the previous chapter (Chapter 7 Effect of isothermal ageing), the width of the  depletion zone 
was discussed. It is found that the inner  depletion layer showed exponential growth and the 
outer  depletion layer showed linear growth. 
In this chapter, the effect of the key coat layer on  depletion is also discussed and the results are 
shown below. 
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Figure 9-9 Comparison of  phase distribution between samples with and without a keycoat 
layer, note the scale bar is kept the same between different thresholded images, and given at the 
right bottom corner 
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In Figure 9-9, the threshold value and other image processing parameters were kept the same 
when the images were analysed. The analytical area of each image is 120000 m2  
(400 m ? 300 m). 
Figure 9-9 shows that for a given time at the same isothermal ageing temperature,  depletion is 
more severe in the samples with a keycoat layer. In addition, from 100 h to 10000 h,  phase 
depletion is faster for the samples with a keycoat layer. 
This finding proves the different oxidation mode given in Figure 9-8.  depletion is faster with 
the keycoat sample because oxidation is believed to happen at multiple locations. 
9.5 Effect of keycoat on oxide formation 
It is known that  depletion is associated with oxide formation [134]. It is important to 
understand the oxide formation mechanism of samples with and without a keycoat layer. 
Therefore the oxide region is specifically examined in this section. 
Figure 9-10 shows the growth of internal oxide of the samples with a layer of keycoat with 
increasing isothermal ageing time. It is seen that the thermally grown oxide of the keycoat 
sample is thinner than that of the samples without keycoat.  
In addition, the samples without a TBC layer experience TGO+TBC spallation after 10000 h. 
However, the TBC is still attached to the samples with a keycoat layer. From this point of view, 
the keycoat holds the TBC + protective oxide better than without. 
The prolonged time to TBC spallation is believed to be because of internal oxidation formation. 
The formation of internal oxide slows down the external TGO growth rate, hence the interfacial 
shear stress between the alumina, TBC, and MCrAlY bond coat [135], and the tensile and 
compressive stresses within the alumina coating layer [121] is reduced to an extent. It has been 
claimed in the literature that APS bond coating outperforms HVOF bond coating in retaining the 
TBC layer under cyclic oxidation conditions [136], which appears to be the case here. 
However, it is also seen that the keycoat layer consumes Al faster than the HVOF coating layer 
by forming internal oxides. This could lead to the coating potentially becoming vulnerable to 
chemical attack [121]. 
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Figure 9-10 Comparison of oxide in the whole coating regions between samples with and 
without a keycoat layer, note the scale bar is kept the same between different images, and given 
in the right bottom corner 
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9.6 Effect of keycoat on -Cr phase stabilisation 
Figure 9-11 shows the -Cr phase comparison between the samples with and without a TBC 
layer. 
Figure 9-11 shows that unlike in the case of the phase and oxide, there is no obvious difference 
between the samples with and without a keycoat layer in respect of the -Cr phase distribution. 
However, one thing to notice is that the -Cr phase in the keycoat layer is significantly larger 
than that observed in the NiCrAlY layer, this is believed to be because of the CTE similarity 
between the -Cr phase and the internal oxide formed in the keycoat region. 
9.7 Discussion on properties of APS MCrAlY bond coating and HVOF MCrAlY bond 
coating 
This research work has revealed that significant differences exist between an APS deposited 
MCrAlY bond coating used as a keycoat, and an HVOF deposited bond coating, even with the 
same coating powders. In this section, the findings obtained from this work are compared with 
the findings from the literature and conclusions are drawn. 
Firstly, the microstructures of the bond coatings produced from these two techniques are 
different. It was both observed experimentally and mentioned in the literature [85, 102, 130, 131], 
that APS coatings show a distinct lamellar structure, whereas HVOF coatings do not. It is seen in 
this work that these lamellae are sites for internal oxidation during isothermal ageing. 
In addition, the bond coatings made using these different routes contribute differently towards 
retaining the TBC layer. A certain degree of surface roughness of the bond coating is needed in 
order to provide adhesion to the TBC layer [137]. The APS bond coating provides a rough 
surface after deposition [3], whereas the HVOF coatings typically needs further surface 
treatment (e.g. grit blasting) to achieve better adhesion [137]. In addition, this research work 
shows that after 10,000 h, the TBC layer remains attached to the samples with an APS keycoat 
layer, but spalls from the other samples in the comparison group. This is believed to be due to the 
formation of internal oxide, which reduces the growth rate of the TGO layer. The internal stress 
caused by the TGO layer formation is hence smaller in the samples with an additional keycoat 
layer.  
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Figure 9-11 Comparison of -Cr phase in the whole coating regionsbetween samples with and 
without a keycoat layer, note the scale bar is kept the same between different images, and given 
in the right bottom corner 
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However, it is also shown in this work that  depletion is notably faster in the samples with a 
keycoat layer due to the formation of the internal oxide. The complete loss of Al in both and ´ 
may favour other unstable oxide (Ni, Co) formation at elevated temperature; hence leaving the 
bond coating vulnerable to chemical attack [121]. In addition, it is reported that the mechanical 
properties including elastic properties and hardness of APS coatings are not as good as for 
HVOF coatings.  
9.8 Summary for Chapter 9 
In this chapter, samples with a layer of keycoat have been characterised and the effect of this 
additional layer has been discussed. 
A lamellar structure of oxides/voids was observed in the as-received keycoat sample. Little  
phase remained in the keycoat after the pre-service heat treatment (1120oC for 2 h and 845 for  
24 h). 
During isothermal ageing at 1000oC, internal oxidation grows rapidly with increasing ageing 
time in the keycoat region.  depletion completes after 10000 h, but the TBC layer is still 
attached to the bond coating. -Cr phase coarsens notably in the keycoat layer during ageing. 
After 10000 h, the remaining -Cr is seen attached to the oxide. 
Two theories are proposed for internal oxide formation and  depletion within the keycoat region. 
It is suspected that oxygen penetrates through the TBC and micro-cracks in the bond coat to form 
internal oxides. The internal oxide formation is on the same site of the lamellar oxides/voids. In 
addition, several lamellar structures can join together to form a bigger region of internal oxide. 
The rapid  depletion is also attributed to the internal oxide formation, which happens at multiple 
locations and hence the consumption of Al is faster. 
The APS keycoat layer is useful in retaining the TBC layer under isothermal ageing conditions. 
The extended TGO growth rate is reduced dramatically by implementing an APS keycoat. 
However, this is achieved at the cost of increasing the  depletion rate. 
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CHAPTER 10 
CONCLUSIONS AND FUTURE WORK 
10.1 Conclusions 
The main goals of this research project were: 
 To test the validity of an existing thermodynamic-kinetic model developed within the 
same research group (LU model), for the design of multi-layered MCrAlY coating 
systems; 
 To subsequently use the thermodynamic-kinetic model to select optimised multi-
layered MCrAlY coating systems from a choice of industrially available coating 
powders; 
 To manufacture the designed coating systems; 
 To characterise the microstructural evolution of the designed coating structures during 
isothermal ageing conditions, which were chosen to simulate the service 
environments; 
 To develop a better understanding of multi-layered coating systems. 
The key conclusions which can be drawn from the research which has been carried out are 
described in the following paragraphs. 
The existing thermodynamic-kinetic model has been validated and found to be a useful tool 
for the prediction of element diffusion and phase evolution in the multi-layered coating 
systems at elevated temperatures. The microstructural evolution during high temperature 
isothermal ageing of an industrially existing coating system (NiCr(Co)AlY + CoNiCrAlY on 
an IN-738 substrate) was analysed using this modelling technique and a number of advanced 
characterisation methodologies. Good agreement was found between the model predictions 
and experimental observations of the element diffusion and the phase evolution profiles. 
A design protocol has been established for the purpose of optimising the selection of multi-
layered coating systems. The effects of different alloying elements, mainly obtained from 
literature, were used to narrow down the selection pool to four coating powders. The 
validated model was then used to simulate the microstructural evolution of these four 
individual coatings at two temperatures, 1000oC, to simulate the high temperature oxidation 
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condition, and 880oC, to simulate the high temperature corrosion condition. The selection 
criteria were primarily related to the simulated behaviours of the Al diffusion rate (the slower 
the better), and the /-Cr phase depletion time (longer the better). 
Three sets of multi-layered coating systems with the same superalloy substrate of IN-738 
were then produced based on the selection processes and modelling methodology: 
 150 m NiCrAlY + 150 m CoNiCrAlY + IN-738; 
 250 m TBC + 150 m NiCrAlY + 150 m CoNiCrAlY + IN-738; 
 250 m TBC + 50 m NiCrAlY + 150 m NiCrAlY + 150 m CoNiCrAlY + IN-738. 
The designed coating systems were found to be more stable, in comparison with a number of 
single layered MCrAlY coatings and the industrially available dual-layered MCrAlY coatings, 
at 1000oC and 880oC. At the high temperature oxidation regime of 1000oC, the designed 
coating system exhibited a prolonged  depletion time up to 10,000 h. At the hot corrosion 
temperature regime of 880oC, the coating showed the presence of an extremely stable -Cr 
phase and the  phase. These beneficial effects were believed to be due to two main reasons: 
firstly, because of the chemical composition of the coatings chosen for the individual layers 
and secondly because of the interfacial barrier effect between the two MCrAlY layers used in 
the multi-layered bond coating systems. 
The TBC layer has been demonstrated to be beneficial in retaining the thermally grown 
alumina scale. With the TBC, the oxide layer is primarily alumina, which was retained for 
longer between the TBC and the MCrAlY bond coating. In comparison, without the TBC 
layer, oxide spallation occurred and the scale was found to be a mixture of chromia and 
alumina. 
The presence of an additional keycoat layer has been demonstrated to be effective in retaining 
the TBC layer after long term isothermal ageing. The extensive amount of internal oxide 
formed within the keycoat layer was believed to reduce the TGO growth rate between the 
TBC and MCrAlY bond coatings in the samples with an additional keycoat layer. Hence, the 
internal stress within the TGO, the main reason causing the TBC spallation, was believed to 
be less in the samples with a keycoat layer. 
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10.2 Future Work 
As a result of the extensive research carried out in this project concerning multilayer 
coatings, the following areas have been identified for future study. 
1. Continuation of the element diffusion investigation. In both of the existing dual-
layered MCrAlY coated samples and the designed samples, it was found that the 
experimentally observed Co diffusion was faster than the model prediction, especially 
after long term ageing at high temperature (more than 1000 h at 1000oC). It is 
therefore necessary to re-evaluate the kinetic part of the model to get better agreement 
with element diffusion, especially in the case of Co. 
2. Continuation of the development of the thermodynamic-kinetic model. The current 
model relied on manual submission of individual simulation scripts. This procedure 
was time consuming and repetitive. A ‘Batch Simulation Tool’ is therefore needed. 
When multiple coating compositions were input into the model, this new ‘Batch 
Simulation Tool’ should be capable of producing and comparing the simulation results 
simultaneously, based on the defined boundary conditions. The end results would then 
be a summary of the performance of the different combinations of the coating 
compositions presented in a standard format. 
3. Investigation of the TGO formation mechanism in the multi-layered MCrAlY coating 
system. The TGO thickness was measured and compared between the multi-layered 
coating and single layered coating systems. However, in future works for the multi-
layered coating systems in particular, the characterisation of the crystalline structure 
of the oxides present, precipitates, pores and cracks, and residual stress etc. is 
believed to be necessary in order to gain an improved and complete understanding of 
the multi-layered coating system. 
4. The proposed beneficial effect of the lamellar structures observed in the keycoat 
coating layer needs to be validated. In future work, FIB ‘slice and view’ 3D 
reconstructions of specimens with the keycoat layer are likely to be very useful in 
establishing the structures of the crack networks in the keycoat, which could not be 
observed using standard 2D imaging techniques. 
5. Assessment of the industrial impact of the multi-layered MCrAlY coating systems. The 
evaluation criteria of such systems include: the coating system manufacturing cost in 
comparison with the simpler single layer systems; the coating integrity examination 
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under real (rather than simulated) service environments; the investigation of the 
coating deposition methodologies, and the optimisation of the individual layers 
forming the multi-layered coating systems. 
The ultimate goal of this research work would be to deploy a coating designed using these 
methodologies in service. The ultimate target is therefore to deliver impact for the power 
generation industry, with a coating system which would allow greater efficiencies, enhanced 
fuel flexibility and associated economical and environmental benefits. 
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